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1. INTRODUCTION  
 
1.1 Background of Study 
 
Phosphate is listed as one of 27 critical raw materials (CRMs) for the EU and is reported 
to be subject to “high supply risk” by the EU Commission (European Commission 2017). 
At present, the Siilinjärvi carbonatite complex in Finland hosts the only mine in the EU 
producing phosphate. Open pit mining for phosphorus ore was commissioned in 1979 by 
Kemira OY. Since 2007, the deposit has been under the ownership of Yara International 
ASA, presently mining >10Mt of ore and producing approximately 1Mt of apatite 
concentrate per annum (O’Brien 2015). The Siilinjärvi mine is one of the largest open pit 
mines in Finland and is currently comprised of two pits: the Särkijärvi main pit (~250 m 
deep), and the Saarinen satellite pit (~60 m deep).  
 
 
1.1.1 Exploration Activities at Siilinjärvi 
 
The main application for phosphate is agricultural fertilizer, for which there is no recycled 
input and no possible alternative, therefore optimising the productivity of the Siilinjärvi 
mine is crucial to address this demand within the EU. To do this, exploration is conducted 
at the Siilinjärvi mine area in addition to the mining activities. An extensive drilling 
project was carried out at the mine between 2012-2015 to investigate the extent of the 
deposit. Based on the drilling results, Yara opted to open a new pit, Jaakonlampi, located 
north of the main pit. Production in the Jaakonlampi pit is set to start in 2021-2022. This 
pit will eventually progress to the south to merge with the Särkijärvi pit (Kaivosvastuu: 
Yara Suomi Oy, 2019). Production in the Saarinen satellite pit will cease in 2021, 
however with this extension, the current production prognosis of the Siilinjärvi mine is 
to the end of 2035. The goal for the future is to further investigate the extent of the deposit 
so that production can continue beyond 2035. 
 
Drilling projects carried out in the Saarinen and Jaakonlampi mine areas proved to be a 
success by producing better estimates on the mill feed. Following on from this success, 
Yara Suomi Oy was granted a permit in 2015 to carry out exploration in the areas 




drilling, geophysical measurements, and bedrock mapping (Kaivosvastuu: Yara Suomi 
Oy, 2019). The main area of focus for this exploration program is the area south of the 
Särkijärvi pit. The overall goal of the program is to determine the extent of the complex 
further towards the south and improve the knowledge on the lithological units and 
structures controlling the location of the mineralisation. Extensive drilling has already 
been carried out as part of this program. However, drilling locations are limited due to 
obstacles created by infrastructure of the mine, including the factory area and gypsum 
pile. Consequently, other means are required to map the southern continuation of the 
deposit and to guide the drilling efforts.  
 
Geophysical measurements were conducted at the Siilinjärvi mine site in the Autumn of 
2018 as part of the ongoing exploration program. The aim of this work was to further 
investigate the area south of the main pit and expand on the information obtained from 
drilling. The measurements were carried out as part of the Smart Exploration project 
(section 1.2). During the field work period of the Smart Exploration project, three 2D 
active-source seismic profiles, an in-tunnel active-source seismic profile and 3D passive 
source seismic data were acquired (Figure 1). Ground penetrating radar (GPR) and 
magnetic measurements were also collected during the field work period in southern part 
of the Särkijärvi pit and along seismic lines SM1 and SM2 by the University of Helsinki. 
Magnetic measurements along SM2 were collected by Uppsala University. The work 
presented in this thesis focuses on two of the 2D active-source seismic profiles: SM2 and 
SM3. In addition, the GPR and magnetic data acquired along seismic profile SM2 will be 
presented to complement the seismic data and aid in the interpretation. The overall 
objective of this study was to investigate the depth and the lateral extent of the southern 
continuation of the carbonatite complex at Siilinjärvi, with an end goal of creating a 3D 
model of the extension based on the data interpretation. Obtaining information on the 
waste rock network and any other structural elements present that might affect the future 
mine planning was an additional aim.  
 
The work presented in this thesis is closely linked to the MSc thesis work carried out by 
Viveka Laakso, at the University of Helsinki (Laakso 2019). The basis of Laakso’s work 
was testing the application of reflection seismics, GPR and magnetic methods for mineral 
exploration and mine planning at the Siilinjärvi mine. Imaging the sub-horizontal diabase 




was the southern end of the Särkijärvi pit, including active-source reflection seismic 
profile SM1 acquired by the Smart Exploration project (Figure 1). This survey line 
therefore acts as a good reference line for this study, and the results obtained along SM1 
were compared with the results obtained from this study to aid the interpretation work. 
Furthermore, profile SM1 was used along with profile SM2 and SM3 when producing 
the final 3D model of the southern continuation of the Siilinjärvi deposit.  
 
In addition to the acquisition of geophysical data, geological data was also acquired as 
part of the Smart Exploration work at Siilinjärvi. This work was conducted by Tuomas 
Kauti at the University of Turku. The first goal of Kauti’s work was to produce a detailed 
3D model on the waste-rock dike network within the Särkijärvi open pit. In addition to 
this, the geophysical results obtained at Siilinjärvi, including those which are presented 
in this thesis, will be used in conjunction with the geological data to produce a Common 
Earth Model, which will provide further information on the depth and lateral extent of the 
ore body and the diabase dike network south of the Särkijärvi pit.  
 
 
1.1.2 Seismic Methods in Mineral Exploration 
 
In hard-rock environments, the reflection seismic method has the potential to produce 
high-resolution images of the subsurface to depths exceeding the current maximum depth 
of mining, approximately 4 km (Manzi et al. 2015). Conventional surface geophysical 
methods, mainly potential field and electromagnetic methods, which have traditionally 
been utilised for mineral exploration are typically not capable of penetrating depths 
greater than 500 m in a hard-rock environment (Salisbury and Snider 2007). Smart 
Exploration project especially focuses on the development of seismic methods as well as 
electromagnetic methods. 
 
The seismic reflection method utilises reflected waves which are produced at interfaces 
of contrasting elastic properties. The measured reflected waves can provide high-
definition images of geological structures hosting mineral deposits. From previous 
studies, the method has proven to be effective for both mineral exploration and mine 
planning (Salisbury and Snyder 2007, Malehmir et al. 2012, Koivisto et al. 2015). For 




seismic surveys are ideal for imaging the subsurface structures. However, due to 
economic restrictions 2D surveys are often carried out as a more cost-effective alternative 
(Malehmir et al. 2012). Additionally, 2D surveys may be used in areas where terrain 
restrictions do not allow for a full 3D survey, as was the case in Siilinjärvi.  
 
2D surveys are beneficial in the initial exploration stages for mapping the structures and 
contacts associated with or controlling the location of the mineral deposit (Malehmir et 
al. 2017). However, previous studies have shown (e.g., Pretorius et al. 2003) that the 
success of seismic surveys in hard-rock environments is site and geology- dependent. To 
date, there have been several successful examples of the application of seismic reflection 
methods for mineral exploration (Salisbury and Snider 2007, Kukkonen et al. 2012, 
Wright et al. 1994, Koivisto et al. 2015). Due to this, the use of seismic methods for 
mineral exploration is becoming more popular. There has also been an increase in the 
application of geophysics for mine planning, development and risk reduction (Pretorius 
et al. 2007). The first successful application of a 3D seismic survey for mine planning 
and development was conducted by Pretorius et al. (1997). This study successfully 
delineated a 3D structure of the reflective Ventersdorp Contact ‘Reef’ (VCR) gold ore 
body at depths ranging between 1000 to 3500 m. Following the success of this survey, 
there have been numerous applications of 3D seismics for mine planning (Pretorius et al. 
2000, Malehmir and Bellefleur 2009 and Malehmir et al. 2012). Despite the overall 
potential of seismic methods for mineral exploration and mine planning, the methods are 
not routinely used by exploration and mining companies. One of the main reasons behind 
this is the relatively high cost associated with these surveys. However, this cost is lower 
in comparison to drilling costs and due to the superior depth of penetration of seismic 
methods, the data can be used to complement drilling and exploration programs. Another, 
perhaps more pressing reason is due to the complexity of seismic processing and the lack 
of expertise in exploration and mining companies.   
 
 
1.2 Smart Exploration Project 
 
Smart Exploration 2018-2020 is a Horizon 2020 project which is an EU programme for 
research and innovation. The overall focus of the project is the development of cost-




highly challenging brownfield areas (Smart Exploration 2020). An additional aim of the 
project is to test new innovative ideas for greenfield exploration to increase the potential 
of discovering new major deposits of relevance to the EU (Smart Exploration 2020). 
Smart Exploration consists of a multi-disciplinary consortium of research institutes, 
academics, SMEs, mining companies and civil society organisations. The project 
encompasses 27 partners from across Europe and 6 different test sites in Sweden, 
Portugal, Greece, Kosovo and Finland. As previously mentioned, the geophysical dataset 
discussed in this thesis is from the Siilinjärvi mine, which is one of the Smart Exploration 
test sites, located in eastern central Finland.  
 
The Smart Exploration survey at Siilinjärvi mine site was performed during September-
October 2018 (Figure 1). Due to numerous access constraints in the area (e.g. lakes, ponds 
and mine infrastructure), a site visit was conducted prior to the commencement of the 
survey in order to finalise the plans for data acquisition. As previously stated, during the 
fieldwork period at Siilinjärvi, three 2D active-source seismic lines, active source in-
tunnel seismic data, passive seismic 3D data, GPR and magnetic data were acquired. The 
overall objective of the Smart Exploration study at the Siilinjärvi mine site was to 
determine the depth and lateral extent of the southern continuation of the Siilinjärvi 
carbonatite deposit. An additional aim of the survey was to test methods in order to obtain 
information on waste rock distribution and image subsurface structures such as faults and 






Figure 1. Location map of the Siilinjärvi mine site with the positions of the geophysical measurements 
acquired as part of Smart Exploration in Autumn 2018. Borehole locations from the ongoing drilling program 
are illustrated on the map. Coordinates are in the EUREF-FIN ETRS-TM35FIN system. Elevation data: 
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One particular area of interest of this survey was the area beneath the Gypsum pile. The 
pile of gypsum (Figure 1), which is a by-product of phosphoric acid concentrate, covers 
an area of 2 x 1 km south of the main Särkijärvi pit. The central aim of the project is to 
map the continuation of the ore body beneath the gypsum pile, and in addition, any 
shallow fractures which could possibly be infiltrated by the highly acidic (pH <2) water 
from the gypsum pile (Da Col et al. 2019). To date, several research studies have been 
carried out on the Smart Exploration dataset acquired at Siilinjärvi. These studies include; 
surface-wave analysis based on the active-source seismic data (De Col et al. 2019), 
imaging of shear-zones from the in-tunnel seismic survey (Donczew 2019), suppression 
of surface-waves through seismic interferometry (Balestrini 2020), extraction of surface-
wave dispersion curves from the collected ambient noise (Colombero 2020), illumination 
diagnosis retrieval of reflections from ambient-noise seismic data (Papadopoulou 2020) 
and testing of geophysical methods for mineral exploration and mine planning using 2D 
active-source seismic line SM1, along with GPR and magnetic data (Laakso 2019). In 
this thesis, the other two 2D active-source seismic lines will be discussed and additional 
GPR and magnetic data will be presented.  
 
One of the additional goals of Smart Exploration is to develop and implement innovative 
approaches for mineral exploration with the aim of generating new technological and 
methodological markets and to obtain results that would allow for improved exploration 
in the EU and even further afield (Malehmir et al. 2019). As part of this, numerous 
prototypes are being developed. One of these prototypes is an Unmanned Aircraft Vehicle 
(UAV). As part of the Smart Exploration project, it is planned to use the UAV at the 
Siilinjärvi mine site to obtain magnetic measurements over the area. The magnetic data 
acquired at Siilinjärvi during the fieldwork period of this project will provide a source of 
reference for future work as the measurements will provide information on the magnetic 
signatures associated with the area.  
 
 
1.3 Aims and Objectives of Study 
 
The primary aim of this study is to investigate the depth and lateral extent of the Siilinjärvi 
carbonatite complex south of the current main pit (Särkijärvi pit). The planning of the 




related to the mining operations (the factory area, gypsum pile and road network) south 
of the main pit. Therefore, the motivation behind this is to obtain information to aid in 
mine planning.  
 
An additional aim of this study is to infer information on the waste rock network, as well 
as any other major structure which might affect the planning of the future mine. By 
obtaining a knowledge of the distribution and location of these features, excavation and 
extraction in the mine would be more efficient and safer.  
 
To achieve these aims, the study had the following objectives:  
 
• Utilise the seismic reflection method on two intersecting survey lines, to obtain 
information on the deposit to aid in the planning and guide the drilling efforts 
(which is required for resource estimation). 
 
• Create a 3D model of the carbonatite-glimmerite deposit based on the obtained 
results. 
 
• Conduct a GPR survey to aid in the interpretation of the seismic data by 
correlating the observed geological features with the surface geology.  
 
• Utilise magnetic data to aid in the overall interpretation.  
 
• Use surface geology, borehole lithology and rock quality information to interpret 





2 GEOLOGICAL BACKGROUND AND PREVIOUS WORK  
 
2.1 Geological Background 
 
The Siilinjärvi carbonatite-glimmerite complex is one of the oldest carbonatites on Earth 
(2601 ± 4 Ma) and is currently the oldest being mined for phosphorous. It is named after 
the village of Siilinjärvi, located 20 km north of the city of Kuopio in Eastern Central 
Finland. The complex is composed of a steeply dipping, north-south oriented tabular body 
that is approximately 16 km in length, up to 1.5 km in width and covers an area of 14.7 
km2 (Puustinen 1971). The main carbonatite-glimmerite intrusion is a central tabular 
body of carbonatite and glimmerite that runs the length of the complex and is 
approximately 900 m wide. The complex is intruding into the surrounding country rock, 






Figure 2. Geological map of the study area with a black box highlighting the location of the survey (Figure 
3). Geological map of Finland, pre-quaternary 1:100 000, modified data © Geological Survey of Finland 
2014. Structure data: Bedrock of Finland 1:200 000 © Geological Survey of Finland 2016. Base map: 
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Figure 3. Geological map of the study area with the two survey lines discussed in this thesis. The location 
of the Särkijärvi pit is outlined with a dashed line. Geology information is from Yara. Base map: Elevation 
model 2008- 2019, 2 m x 2 m © National Land Survey of Finland.  
 
The core of the Siilinjärvi complex is comprised of a large variety of mixed rocks which 
vary from glimmerite (phlogopite rock) to carbonatite (sövite). In addition to these, 
amphibole- and apatite-rich varieties also occur (Puustinen 1971). The carbonatites and 
glimmerites within the deposit are intimately mixed, varying between nearly pure 




subvertical to vertical lamination. The complex is not strictly zoned, however generally 
the greatest volume of carbonatites is seen near the centre of the intrusion, which is cut 
by numerous subvertical carbonatite veins. Near the outer edges of the ore body, the 
glimmerites are nearly absent of carbonatite but still contain ore-grade amounts of apatite 
(Puustinen 1971). The average composition of the carbonatite-glimmerite portion of the 
complex is: 65% phlogopite, 19% carbonates, 5% richerite, 10% apatite and 1% 
accessory minerals (mainly magnetite and zircon) (O’Brien et al. 2015). Magnetite is the 
most common accessory mineral and is found in almost all varieties of the carbonatite-
glimmerite rocks (Puustinen 1971). Mineralisation is known to continue to a depth of 
approximately 800m, based on several deep boreholes drilled in the area (Malehmir et al. 
2017). The fenite halo encompassing the carbonatite-glimmerite intrusion formed as a 
result of metasomatism in the surrounding granitic and gneissic bedrock. This alteration 
was caused by the alkali fluids released during the formation of the intrusion (Carlsson 
2020).  
 
Contacts between the Siilinjärvi complex and the surrounding country rock are either 
primary magmatic or sheared, due to fracturing in the contact zone (Puustinen 1971 and 
O’Brien et al. 2015). For example, in the eastern part of the main pit the contact between 
the fenite and ore deposit is sharp and well preserved, whereas in the southwest corner of 
the pit, a mosaic of sheared blocks containing mingled tonalite-diorite, diabase, fenite and 
the carbonatite-glimmerite ore is observed (O’Brien et al. 2015).  
 
The age of the Siilinjärvi carbonatite complex is a topic of debate. A number of studies 
have been carried out to investigate the age of the complex (Basu and Puusinen 1982, 
Bayanova 2006, and Zozulya et al. 2007). U-Pb analysis of zircon from the complex, 
measured by Kuovo (GTK unpublished report, 1984) reveals an age of 2610 ± 4 Ma, 
indicating that this complex is one of the oldest carbonatites on Earth. However, younger 
ages of 1785-2030 Ma and 1754-2031 Ma, respectively, have been obtained from K-Ar 
data (Puustinen 1971) and Rb-Sr isochron data (Tichomirowa et al. 2006), suggesting a 
Svecofennian origin. 
 
The Siilinjärvi complex is intersected by a large number of dioritic and diabase dikes of 
varying width from a couple of centimetres to tens of meters. Diabase dikes intersect the 




rocks and therefore locating these dikes is essential for mine planning. As previously 
mentioned, a study is being carried out currently as part of Smart Exploration by the 
University of Turku (Kauti et al. manuscript in preparation) to build a 3D model of the 
diabase dike network in the southern part of the Särkijärvi pit. The goal of the work is to 
provide information on the depth extent of the ore body by creating a Common Earth 




2.2 Geophysical Background 
 
2.2.1 Seismic Measurements 
 
Malehmir et al. (2017) carried out a seismic survey in conjunction with a physical 
property study (see section 2.2.2) at Siilinjärvi in 2014. The seismic survey consisted of 
four seismic profiles with a total length of approximately 2.5 km, two of which were 
located inside the pit and two on its margins (Figure 4). The aim of the survey was to test 
the applicability of a microelectromechanical systems (MEMS) -based broadband seismic 
landstreamer for mine planning, by acquiring seismic profiles in combination with 
wireless recorders connected to 10 Hz geophones. For acquisition of streamer data, a 
source-receiver spacing of 2-4 m was used with a fixed geometry spread, whilst a spacing 
of 10 m was utilised for the wireless receivers. The combination of wireless and streamer 
data was advantageous as it increased the offset, allowing for deeper penetrations. As a 
result, imaging of the subsurface was achieved to a depth of 400-500 m. A Bobcat 






Figure 4. Aerial photograph map of the Siilinjärvi mine area with the location of the seismic survey and 
physical property measurements (three boreholes) acquired as part of previous work carried out in the area 
by Malehmir et al. 2017. The three 2D active-source seismic lines acquired as part of Smart Exploration 
during Autumn 2018 are also shown for reference. Base map: Aerial photography 2008- 2019, 2 m x 2 m © 





The data obtained by Malehmir et al. (2017), showed good-quality first arrivals. Due to 
the quality of the first arrivals, two processing methods were applied to the data: reflection 
imaging and travel-time tomography. For the reflection imaging method, a conventional 
processing flow was applied to the data, with the exception of migration which was not 
applied in order to preserve steep reflections. The observed reflections in the data showed 
a general south-west orientation and a dip angle of approximately 70° or more. Reflection 
imaging of the data was reported to be quite challenging due to the complexity of the near 
surface and the steeply dipping reflectors. The seismic velocity model created by the 
travel-time tomography processing method provided information on possible weakness 
zones in the survey area. Low-velocity depressions, approximately 40-50 m in thickness 
were observed. These depressions were interpreted as being possible weakness zones, for 
example fracture or shear zones. 
 
Seismic profiles P5 + 6 (Figure 5) and P7 + 8 are of particular interest in relation to the 
work presented in this thesis due to the close proximity to the survey area (Figure 4). The 
interpretation of these profiles was largely based on the drill hole logs obtained from 
boreholes R626, R628 and R620 (Figure 7), which were located nearby. The reflectivity 
pattern, which was observed along both of the aforementioned sections, was interpreted 
as a being due to a series of low- and high-density diabase dikes, which were observed in 
the drill hole logs. A seismically transparent region was observed along P7 + 8 which was 
believed to represent an area of carbonatite-glimmerite (highly fractured). The low-
velocity zone which is observed in the seismic tomography results does not show a clear 
connection with any strong reflections in the seismic sections. However, Malehmir et al. 
(2017) noted that this zone has a consistent dip with the observed reflections, possibly 





Figure 5. (a) Tomography results and (b) unmigrated reflection seismic stack obtained by Malehmir et al. 
(2017) along seismic profiles of P5 + 6 (see location in Figure 4). Results are showing a series of southwest-
dipping reflections which are interpreted to be due to the presence of a sequence of diabase-diorite-
carbonatite dikes which are observed in boreholes R626 and R628 (Figure 7). In the tomography results, a 
consistent dip is observed in the low-velocity zone and the reflections. The lack of information in the 
northwestern section of this profile is due to a partial (selected number of shots) stack being used for 
obtaining this section. 
 
 
2.2.2 Physical Property Measurements 
 
Seismic reflections may occur at interfaces of contrasting density and/or elasticity 
properties such as lithological contacts or shear zones. The occurrence of a reflection is 
dependent on the magnitude of contrast across the interface, specifically the contrast in 
acoustic impedance. Therefore, information on the physical properties of the geological 
material in the survey area is extremely important for understanding the nature of seismic 
reflections. Fortunately, in addition to the seismic measurements carried out by Malehmir 
et al. (2017) (see section 2.2.1), physical property measurements were also completed as 
part of the survey. By utilising the values obtained by this study, the expected seismic 

































































































































The physical property study was carried out on 65 samples of an assortment of rocks that 
were collected from Siilinjärvi drill cores. Density, P-wave velocity and porosity 
measurements were carried out on each sample. The results showed a wide range of 
variations in the measured velocities and densities within each sample group (Figure 6). 
The measured P-wave velocities were in the range of approximately 4400 – 6500 ms-1. 
Carbonatite-glimmerite and diabase dike samples were found to have the highest P-wave 
velocities, with the highest measured value being approximately 6500 ms-1. However, 
these rock types also yield the largest range in P-wave velocity measurements. For diorite 
samples, P-wave velocity values were found to be in the range of 5400- 6500 ms-1 and 
for fenite samples, 5300-6200 ms-1. In regard to the average P-wave velocity, fenite was 
found to have the lowest value, which was approx. 4850 ms-1. Dioroite had the highest 
average P-wave velocity, ~5400 ms-1. The large variations in velocities for each sample 
group may be due to a significant degree of fracturing in the rocks. Therefore, the 
measured velocities do not accurately represent the different rock types. Densities are less 
affected by fracturing and as a result, the density variation within each rock group is more 
distinct. The density of the samples was in the range of approximately 2500- 3050 kg/m3. 
Fenite was found to be the rock group with the lowest density, with results ranging 
between approximately 2550 and 2700 kg/m3. Samples of diabase were found to yield 
the highest densities, however the measured densities for this sample group varied greatly, 
with a density range of approx. 2700-3050 kg/m3. The general conclusions made from 
the density measurements were that the fenite has the lowest densities and the diabase 
dikes yield the highest densities. Diorite and carbonatite-glimmerite samples show 
intermediate values. All samples were measured to have a porosity below 1.2%. In 
general, fenite was found to have the highest level of porosity, whereas carbonatite-






Figure 6. P-wave velocity and density measurements from a selection of drill core samples from the Siilinjärvi 
deposit obtained from the physical property laboratory study. Lines of constant acoustic impedance are 
shown on the plot and are separated by a reflection coefficient of 0.06. Plot is modified from Malehmir et al. 
(2017). 
 
Downhole logging measurements were taken from three boreholes (R626, R628 and 
R629) located outside the main pit (see Figure 4). The holes were approximately 300m 
long and were drilled at a significant incline between 35° and 40°. Measurements were 
taken using the Robertson Geologging system and included triple full-waveform sonic, 
magnetic susceptibility, formation resistivity, temperature, fluid conductivity and natural 
gamma measurements. In addition, the cores were used for geologging, density 
measurements and rock quality studies (e.g., rock-quality designation [RQD] index). The 
data proved to be helpful for understanding the nature of geophysical anomalies by 
showing the locations of substantial changes in the physical properties. 
 
The physical properties measurements (Figure 7) showed strong variations in density and 
P-wave velocities. The in-situ P-wave velocity measurements were in the range of 
approximately 2600-6000 ms-1, with an overall average of approximately 5000 m/s for 
most rock types. Slightly higher values were measured for diabase and diorite. On 
average, carbonatite samples were found to have the overall lowest density and diabase 
dikes show the highest. Magnetic susceptibility values do not show significant 




carbonatites (due to fine-grained magnetite). This therefore suggests that a high-
resolution ground magnetic survey may be useful for delineating the lateral extent of the 
mineralisation. Results also show that diorite is magnetically ‘stable’ and the contacts 
between diorite and other geological units is easily distinguishable in the magnetic 
measurements. Natural gamma measurements were also found to be relatively high for 
carbonatites and glimmerite and low for diabase dikes and diorite. No relation was seen 
between resistivity and rock type but based on rock quality studies, it was evident that the 
main control on resistivity is the degree of fracturing in the rock. Rock quality studies 
also indicated that fracture zones, if large enough, can be reflective due to the reduction 






Figure 7. Results of magnetic susceptibility, P-wave velocity and density measurements and core logging 
carried out by Malehmir et al. (2017) from boreholes R626, R268 and R629 (locations shown in Figure 4). 
Downhole logging was limited to a depth ~100 m in borehole 629 due to a collapse/blockade. Black arrows 







2.2.3 Ground Penetrating Radar (GPR) Measurements 
 
A GPR survey was carried out in the Siilinjärvi area in 2014 by Luoma et al. (2014) to 
determine the topography of the bedrock surface and characteristics of the overlying 
Quaternary sediment. 47 GPR lines were acquired throughout the survey area, including 
the main geological deposits and areas of mining activities (e.g. gypsum pile and calcine 
pile areas). The GPR survey was conducted using the Malå – Ramac ProEx Rough 
Terrain radar system with 25 MHz and 100 MHz frequency antennae. In addition to the 
GPR investigation, available hydrogeological data were utilised to aid in the 
interpretation of the GPR profiles.  
 
The GPR survey was successful in most of the surveyed areas. However, in areas such as 
the gypsum area, the Quaternary overburden is mainly clay. The high electrical 
conductivity of the sediment in such areas resulted in poor depth of penetration of the 
radar. In the areas where the GPR survey was a success, a sharp contact between the 
bedrock surface and the overlying Quaternary sediments was observed.  
 
Luoma et al. (2014), concluded that the thickness of Quaternary sediment in the area is 
fairly thin, varying between 1.05 to 17.7 m, with an average thickness of 2.30 m. It was 
established that the Quaternary sediments, mainly consisting of fine-grained till, covers 
approximately 60% of the total survey, while 11% is exposed bedrock and 13.8% is 
surface water. Fine-grained sediments such as clay, silt and peat are located in close 
proximity to areas of surface water and cover 8.3% of the total area.  
 
In addition to the overburden-bedrock contrast reflections, reflections within the bedrock 
were also visible in some of the GPR scans. These reflections were not discussed in the 
report produced by Luoma et al. (2014) however, we tentatively interpreted them as being 
diabase dikes. Based on this, it was concluded that GPR measurements would be a 
beneficial addition to the Smart Exploration field campaign. The additional information 
on the shallow subsurface from GPR measurements could then be used to complement 







2.2.4 Magnetic Measurements 
 
As part of a long-term airborne geophysical survey conducted by the Geological Survey 
of Finland (GTK), geophysical data including magnetic, electromagnetic and gamma-ray 
spectrometric measurements were acquired country-wide (Airo 2005). Data was collected 
at a low altitude, between 30-40m and with a survey line spacing of 200m. The data 
coverage included high-resolution magnetic data across the entire Siilinjärvi area, results 
of which are shown in Figure 8.  
 
As can be seen on the magnetic map, elevations in total magnetic field values coincide 
with the locations of the open pits of the Siilinjärvi mine. These elevations are due to the 
presence of magnetite in the carbonatite-glimmerite deposit. Magnetite is the most 
common accessory mineral of both the carbonatites and the glimmerites. The increased 
values associated with the deposit seem to extend south of the main pit and gypsum pile, 
possibly indicating a southern continuation of the complex. The highest magnetic 
anomaly values (approx. 600 nT) in the survey area are seen to be east of the main pit. 






Figure 8. Low-altitude aeromagnetic anomaly map of the Siilinjärvi mine area. Locations of the 2D survey 
lines acquired as part of Smart Exploration are presented are shown with black lines. Coordinates are in the 
EUREF-FIN ETRS-TM35FIN system. Aeromagnetic anomaly map of Finland © Geological survey of Finland 





3 2D REFLECTION SEISMIC METHOD 
 
3.1 Fundamentals of the Seismic Reflection Method 
 
3.1.1  Background Theory 
 
Seismic methods are based on the behaviour of seismic wave propagation through the 
subsurface. The essential background theory of the seismic reflection method, 
specifically related to this study, will be presented in this section. Further discussion of 
the theory associated with the seismic method is presented by Sheriff (1995) and Yilmaz 
(2001).  
 
A seismic wave is an elastic disturbance that propagates from point to point within a 
material. Events such as explosions or earthquakes generate seismic waves by releasing 
energy which propagates from the source through the Earth. There are several possible 
types of particle motion associated with wave propagation from an energy source. Body 
waves and surface waves are the two main types of seismic waves. Surface waves 
propagate along a boundary between two different media with contrasting physical 
properties. Surface waves are largest at the surface and decrease in amplitude with depth. 
Body waves travel through the elastic material in the subsurface as either compressional 
(P-waves) or shearing (S-waves) waves. Particle motion associated with P-waves occurs 
in the direction of wave propagation due to dilation or compressional strain. Whereas, S-
waves, which are caused by pure shear strains, have particle motion that is aligned 
perpendicular to the direction of wave propagation. S-waves are made up of two 
components, SV-waves, which are vertically polarised S-waves and SH-waves, which are 
horizontally polarised S-waves. P-waves are the fastest waves and are the first arrivals in 
the recorded data.  
 
The velocity of propagation and polarisations of motion of P- and S-waves can be derived 
from the relationship between stress, strain and displacement. The velocities of P- and S- 
waves are defined by the density 𝜌 and elastic properties, i.e. Lamé’s parameters 𝜆 and 𝜇 
of a material. From the elastic wave equations for P- and S-waves in a homogenous 
isotopic solid, velocities can be derived by taking the divergence and curl of the equation 









And the equation for S-wave velocity Vs is:  
 





P-waves are typically used for reflection seismic surveys. However, S-waves, being body 
waves, can also be used for reflection seismic studies. One advantage of using S-waves 
for reflection seismic studies, is that a higher spatial resolution can be obtained. 
Additionally, S-waves are more sensitive to fluids in comparison to P-waves, therefore 
information on pore fill could be obtained to enhance lithological studies. Nevertheless, 
reflection seismic studies most often utilize P-waves and S-waves are considered noise. 
 
Seismic wavefronts propagate radially, expanding as they travel further from the source. 
The waves propagation can be understood with the Huygen’s principle, (Sheriff 1995, p. 
44) meaning that every point along the propagating wavefront is a point source for a new 
spherical wavefront. This principle explains how seismic disturbances are transmitted 
through the Earth and how future positions of the wavefront can be determined. As a 
consequence of the initial energy being spread over a larger area, the amplitude decreases 
with increasing distance (Reynolds 2011, p. 152). This dilution of amplitude is referred 
to as spherical divergence (Sheriff 1975, p. 127). The energy density E decreases as the 
inverse square of the distance travelled r and therefore, the amplitude A of the wavefront 
decreases linearly with the propagation of the wavefront. This can be expressed as: 
 
𝐸 ≈  
1
𝑟2





Several other factors such as; absorption, peg-leg multiples, signal scattering and 
transmissivity losses, also impact the amplitude of propagating seismic waves (Sheriff 
1975).  
 
Absorption is a significant factor in relation to amplitude loss, and as waves propagate 




result of internal frictions within media. Absorption in relation to elastic waves in rocks 
leads to an exponential decrease in amplitude. This loss of amplitude due to absorption 
can be written as: 
𝐴 = 𝐴0𝑒
−𝜂𝑥  (3.4) 
where A is the amplitude at a distance x away from the original amplitude, A0 and 𝜂 is the 
absorption coefficient. Absorption increases with higher frequencies.   
 
 
3.1.2  Seismic waves at an interface 
 
When a seismic wave reaches an abrupt change in acoustic impedance at an interface of 
two materials, reflected and refracted waves arise as a result. A portion of the energy from 
the incident wave is reflected back to the surface and a portion is transmitted through the 
interface as a refracted wave. When a P-wave hits a boundary, both reflected and refracted 
P- and S-waves are generated. The angles at which the reflected and refracted waves 













= 𝑝 (3.5) 
 
where p is the ray parameter, which is the component of slowness of each ray parallel to 
the interface, 𝜃1 is the incident and reflection angle of the P-wave, 𝜃2 is the refraction 
angle of the P-wave. 𝛿1 and 𝛿2 are the reflection and refraction angles of the S-wave. 
𝑉𝑝1and 𝑉𝑝2  are the velocities of the P-waves in the two mediums (1 and 2) and 𝑉𝑠1and 𝑉𝑠2 





Figure 9. Reflected and refracted P- and S-waves resulting from a transmitted P-wave reaching an interface 
of two different mediums, where 𝜌1 and 𝜌2 are densities, 𝜆1 , 𝜆2, 𝜇1and 𝜇2are Lamé parameters, Vp1 and Vp2 
are the P-wave velocities and Vs1 and Vs2 are the S-wave velocities. 𝜃1 is angle of the incident P-wave and 
reflected P-wave, 𝜃2 is the angle of the refracted angle. 𝛿1 is the angle of the reflected S-wave and 𝛿2 is the 
angle of the refracted S-wave. 
 
When a P-wave hits the interface at a critical angle, for which the angle of refraction is 
90°, no refracted wave emerges through the interface into the second layer. Instead, the 
energy travels along the boundary of the two layers and back to the upper layer from each 








Where V1 and V2 are the velocities of the two different mediums and ic is the critical angle. 
For reflection seismic surveys, the arrival of these waves is important because they are 




wave is the first to arrive) from the subsurface boundaries. These first arrivals are utilized 
in the processing of the reflection seismic data to carry out static corrections. 
 
For reflection and refraction waves to be produced at an interface, boundary conditions 
must be satisfied. Stresses and particle displacements must be continuous over the 
boundary between the two media. Due to the boundary requirements, i.e. when both 
media are solids, four waves arise from the compressional (P-) incident wave; reflected 
P- and SV-waves and transmitted P- and SV-waves. When the incident wave is a SV-
wave, four waves also occur as a result; a reflected and transmitted SV-wave and a 
reflected and transmitted P-wave. The SV-wave is converted into a P- and SV- reflection 
wave by mode conversion. However, in the case where a SH-wave is the incident wave, 
only two waves arise as a result; reflected and transmitted SH-wave. 
 
The reflection and transmission coefficients of the produced waves are determined from 
a system of linear equations (Zeoppritz equations) resulting from the boundary conditions 
mentioned previously. The equations show that the reflection R and transmission T 
coefficients are dependent on the angle of incidence. Full derivations of the equations are 
presented in Shuey (1985), only the end result for a special case of normal incidence is 
presented in this thesis. For P-waves at normal incidence on an interface (i.e. vertical 
travel path), the Zeoppritz equations reduce to 
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where 𝜌1 and 𝜌2 are the densities and 𝑉1 and 𝑉2 are the velocities of the two media. I1 and 
I2 are the acoustic impedances of the materials. Acoustic impedance is the product of 
density and velocity, 𝜌V, of a material. Therefore, the relative amplitudes of the reflected 
and transmitted waves are dependent on the contrast in the acoustic impedances of the 
two materials. Ai is the amplitude of the incident wave, A1 is the amplitude of the reflected 




if the reflected and transmitted waves will be visible or not. In general, reflection 
coefficients are in the range of +1 to -1. The sign specifies the polarity of the reflected 
wave. A reflected wave which has a reflection coefficient of approximately zero, will 
have an amplitude which is too weak to be visible. Larger reflection coefficient values 
produce higher amplitude reflections. Salisbury et al. (1996) estimated that for most hard-
rock environments an impedance difference of 2.5 x105 g/cm2 s, which corresponds to a 
reflection coefficient value of 0.06, is the minimum value required to produce a detectable 
reflection.  
 
Detection of a reflector also depends on the geometry of the reflector. Resolution of the 
survey is the ability to differentiate between two adjacent features. This depends on the 
distance between features in comparison to the wavelength.  
 
Vertical resolution is the minimum vertical distance between two interfaces to show as 
separate reflectors (Sherrif et al. 1975), meaning that thinner layers (h < hmin) can be 
detected, but the thickness of the layers cannot be determined from the data. 





where V is the seismic velocity and fd is the dominant frequency of the seismic wave. 
 
Horizontal resolution is the minimum separation df required between two horizontal 
features for them to be imaged as separate planar reflecting surfaces. For unmigrated 
seismic data, the Fresnel zone is often taken as the minimum horizontal resolution.  





where z is depth, V is the velocity and fd is the frequency. A reflector with dimensions 
smaller than the Fresnel zone will act as a diffracting point, causing energy to scatter and 






3.1.3 Seismic Reflection Method 
 
The seismic reflection method involves the use of an energy source such as dynamite or 
a seismic vibrator (Vibroseis), to generate seismic waves. A network of geophone 
receivers is deployed on the surface to detect any reflected energy which is recorded and 
saved for future processing. The amplitude of the recorded reflections is dependent on 
the reflection coefficients of the subsurface interfaces (as discussed in section 3.1.2). 
Two-way travel time is the time required for a seismic wave to travel from the source at 
the surface, through the subsurface to a reflector and back to the receiver on the surface. 
In seismic surveys, the distance x that separates the source and receiver, the offset, has an 
impact on the arrival times of the reflected waves. In a survey where the position of the 
source is changed to different locations along the survey line, the same reflection point in 
the subsurface is detected by different source-receiver pairs. This common reflection 
point is referred to as the Common Depth Point (CDP). For horizontal reflectors, CDP is 
equivalent to the point on the surface which is half way between the source and receiver, 
referred to as the Common Mid-Point (CMP) (Figure 10). In the case of a dipping 
reflector these terms are not equivalent to one another, regardless of this the terms are 
often used interchangeably. Seismic data can be sorted by grouping together traces which 
have the same midpoint location to form CMP gathers that collect recordings that sample 
the same subsurface reflection points. Offsets vary for each trace within a CMP gather. 
This impacts the two-way travel time associated with the individual traces due to the 
offset dependence of the travel-time. CMP gathers are corrected so that each trace 
represents a zero-offset recording. This correction is referred to as the Normal MoveOut 
(NMO) correction, it is discussed in more detail in section 5.2.4. Recordings of each CMP 
gather are then summed together to create a CMP stack. This is an effective way for 







Figure 10. Diagram showing a reflection seismic survey. Sources and receivers located on the surface are 
illustrated in the drawing. The ray paths of reflected waves are also shown in the diagram along with the 
common mid-point and common depth point of the waves. The airwave, which travels through air from 
source to the nearest receiver and the direct wave, which travels from source to receiver through the ground, 
are also presented.  
 
 
3.2 Acquisition of Active-Source Seismic Data at Siilinjärvi 
 
 
Three active-source seismic profiles were acquired at Siilinjärvi as part of the Smart 
Exploration project. This thesis focuses on two of these profiles, SM2 and SM3. The other 
seismic profile, SM1, is presented by Laakso (2019).  
 
Seismic profile SM2 is located south of both the main pit and the gypsum pile, running 
in NW-SE direction (Figure 11). The total length of SM2 is approximately 2.2 km and 
the elevation of the line is in the range of approximately 110-142m above sea level. SM2 
perpendicularly crosses the carbonatite-glimmerite deposit, in addition to crossing other 
known geological units such as fenite, gneiss and the tonalite-diorite intrusion (Figure 
18). Several known diabase dikes are also crossed.  
 
Seismic profile SM3, located south of the main pit and SE of the gypsum pile, runs 
alongside the national road 75 (Figure 11). The total length of the line is approximately 
3.0 km and is oriented in NE-SW direction. Elevation along the line ranges between 99 
to 122m above sea level. As can be seen on Figure 18, the profile cuts through the 
carbonatite-glimmerite ore deposit. As is the case with seismic line SM2, SM3 crosses 




and several known diabase dikes. Both seismic profiles overlap one another, crossing 
south of the gypsum pile along the road. A summary of the survey parameters is shown 
in Table 1. 
 
Table 1. Survey parameters for the 2D active-source seismic lines SM2 and SM3 (Figure 10) 
Survey parameters Value 
Acquisition type 
Acquisition system 
2D Active-source seismic survey 
Sercel Lite 428 (GPS time stamping/sampling) 
Spread type Fixed spread 
 SM2 SM3 
Profile length 2.03 km 3.06 km 
Receivers 140 wireles, 81 cabled  138 wireless, 168 cabled 
Source Explosives  Explosives & drop hammer 
Offset range Max offset 2032 m Max offset 3064 m 
Nominal CMP fold 111 153 
Active Channels 221 306  
Recording length 30 sec 30 sec  
Sampling interval 1 ms 1 ms  
Receiver parameters    
Receiver interval 10m 
Geophone type 10 Hz   
Cabled receiver type Sercel LiteTM (Uppsala University) 
Wireless receiver type Sercel UNITE 
Source parameters  
Source Explosives & Drop hammer  
Source interval 20 m 
Dynamite charge weight 125 or 250 g  
Shot hole depth ~2.5 m 
Bobcat Weight 520 kg 
Bobcat source pattern 4 to 5 records per source location 
Calculated (theoretical) survey resolution  
(using velocity range of 5000ms-1 and 60 Hz frequency) 
Horizontal 
resolution 
200 m at 250 m depth, 290 m at 500 m 
depth and 500 m at 1.5 km depth 
. 





The acquisition system used for the survey are all owned by Uppsala University. 10 m 
receiver spacing was implemented for both lines and a 10 Hz geophone was used at each 
location (Figure 12). Data was recorded using a combination of both cabled receivers 
(with the SercelLiteTM system) and wireless receivers (part of the UNITE, cable-free 
system from Sercel (2020)) (Figure 11). Along SM2, 140 wireless and 81 cabled 
recorders were utilized to record the data (221 receivers in total along the line). For SM3, 
138 wireless and 168 cabled receivers (306 in total) were used.  
 
Due to access restrictions such as railway tracks and roads, crooked line geometry was 
used for both lines. Wooden pegs were used as station flags for each receiver and shot 





Figure 11. Locations of receiver type (cabled and wireless) used for the 2D active-source seismic surveys 
along survey lines SM2 and SM3. Coordinates are in the EUREF-FIN ETRS-TM35FIN system. Elevation 
data: Elevation model 2008-2019, 2 m x 2 m © National Land Survey of Finland. Basemap: © National Land 







Figure 12. Example field photograph of Smart Exploration team setting up the Uppsala University Sercel 
LiteTM cabled receiver system.  
 
Explosives were primarily used as the seismic source for both SM2 and SM3. 20 m 
spacing was used for source locations. Dynamite with a charge size of 250 g was 
detonated in holes at approximately 2-3 m depth using Orica’s blasting device and Uni 
Tronic TM 600 detonators (Orica Limited 2020) (Figure 14). 102 explosive shots were 
used along SM2, and 128 were used along SM3. In addition to explosive shots, 24 drop 





Figure 13. Locations of sources (explosive and bobcat drop-hammer) used for the 2D active-source seismic 
surveys along survey lines SM2 and SM3. Coordinates are in the EUREF-FIN ETRS-TM35FIN system. 
Elevation data: Elevation model 2008-2019, 2 m x 2 m © National Land Survey of Finland. Basemap: © 
National Land Survey of Finland. 
 
The Bobcat-mounted hammer, owned and operated by Uppsala University, was used to 
generate 4 to 5 shot records during a 30 second recording time (Figure 14). Shots were 
later vertically stacked to increase the signal-to-noise ratio. In two source locations, the 







Figure 14. Example field photographs showing the sources used for the active-source seismic survey Left: 
Members of the Smart Exploration team operating Orica’s blasting device for detonating explosive source. 
Right: Bobcat-mounted drop-hammer (from Uppsala University).  
Seismic Data Processing 
 
Seismic data acquired in hard-rock environments requires extensive processing. It is a 
lengthy process involving multiple steps. The objective of data processing is to reduce or 
remove unwanted components in the data, and to enhance the signal-to-noise ratio to 
obtain a clearer image of the subsurface. The software GLOBE Claritas (GLOBE Claritas, 
2020) was used for processing the seismic data acquired from Siilinjärvi. The processing 
steps which were carried out on seismic lines SM2 and SM3 are presented in a processing 
workflow (Figure 15). The main processing steps that were applied will be discussed in 










Editing data files 
Sorting data files 









 SM2 SM3 
Geometry  394 CMP points,  
5 m bin spacing along profile & 200 
m perpendicular to profile 
615 CMP points,  
5 m bin spacing along profile & 150 
m perpendicular to profile 
First break picking Automatically picked and manually checked 
Refraction statics 3 Layer model, Field statics, 5000 ms-1 replacement velocity 
Floating datum statics 5000 ms-1 replacement velocity 
Spherical divergence correction 𝑡𝛼 , 𝛼 = 1.2 
Gain (AGC) 500 ms time window 
Filtering (Bandpass) 10-30-150-170 Hz 25-40-150-170 Hz 
Velocity analysis Velocity range: 5050- 6500ms-1 Velocity range: 4700- 6500 ms-1 
Residual Statics 200-1000, 300-1300 & 300-1500 ms  
 
300-1800, 500-1500 & 750-1500 ms  
 
NMO correction NMO-velocity model, 70% stretch mute 
CMP Stacking   
Poststack Processing   
Final datum statistics  Datum at 100 m above sea level, 5000 ms-1 replacement velocity 
Kirchoff migration  3-layer model used (5100 ms-1 0-500 ms, 5200 ms-1 500- 2000 ms and 
6000 ms-1 >2000 ms). Summation width of 3 traces 
F-x deconvolution Frequency domain Wienner deconvolution 
Semblance smoothing   
Bandpass filtering, trace balancing 
& AGC 
  




Figure 15. Processing flow applied to the seismic data (SM2 and SM3). 
 
The raw seismic data from both seismic profiles, SM2 and SM3, contained traces with 
excessive noise and traces that were dead/zeroed. To test and compare the performance 
Data Acquisition at Siilinjärvi 
Data Display  Interpretation 




of the sources used in this survey, explosives and drop-hammer sources, both were used 
at the same shot location along SM3. This was done at three different locations to ensure 
the analysis was validated. In the raw explosive shot gathers (Figure 16), first-breaks, S-
waves, surface waves and air waves are all clearly visible. In drop-hammer shot gathers 
(Figure 17), first-breaks are weaker and less distinguishable, S-waves appear as the most 
dominant arrivals and air waves are not visible. Drop-hammer shot gathers show a lower 




Figure 16. Shot gather from explosive source acquired along SM3 with amplitude spectrum. Bobcat drop-





Figure 17. Shot gather from bobcat drop-hammer source acquired along SM3 with amplitude spectrum. 
Explosive source was also used in this location to test and compare the two types of sources (Figure 16).  
 
 
As can be seen in the amplitude spectrums shown in Figure 16 and 17, the drop-hammer 
source generates more high frequencies. The frequency band for the drop-hammer source 
is wider in comparison to that of the explosive source and has a flatter spectrum.  
 
 
3.2.1 Geometry and Static Corrections  
 
 
Prior to processing the raw seismic data, the recording geometry of each seismic line was 
added to the datasets. To add geometry, information on the survey set up was required. 
This included information on; coordinates of the sources and receiver locations, Field File 
ID (FFID) numbers, and active channels. This geometry information was utilised to create 





Figure 18. CMP lines created for processing seismic lines SM2 and SM3 overlain on a geology map. SM2 
processing line consists of 394 CMP points in total (ranging from 100 to 493) with a spacing of 5m between 
points. SM3 processing line consists of 615 CMP points in total (ranging from 100 to 714) with point spacing 
of 5m. Locations of boreholes used in the physical property study by Malehmir et al. 2017 are also displayed 
on the map. Coordinates are in the EUREF-FIN ETRS-TM35FIN system. Geology provided by Yara. 
Basemap: © National Land Survey of Finland.  
 
The geometry created for SM2 had 393 CMP points with 5 m bin spacing. The bin spacing 
perpendicular to the line was 200 m. All 22,542 traces fitted into the bins. The processing 
line created for line SM3 had 615 CMP points with 5 m bin spacing. The bin spacing 
perpendicular to the line was 150 m. All 46206 traces fell within the bins. The CMP 





Static time shifts (elevation, refraction and residual static corrections) were applied to the 
data to compensate for time delays caused by variations in topography, near surface 
heterogeneities and varying thickness of the low-velocity weathering layer. The objective 
of the long-wavelength static corrections were to determine the arrival times of reflections 
if all measurements were acquired on a flat plane (i.e. with no weathered or low-velocity 
layer present) (Yilmaz, 2001). This prevents near surface variations from possibly 
distorting or obscuring the reflected signals and therefore, increases the quality of the 
data. These corrections were applied to the data after the geometry was applied. Any 
remaining shorter-wavelength misalignments were removed by applying residual 
reflection-static corrections prior to stacking.  
 
Refraction-static corrections were derived from the inversion of near surface velocity 
models based on first-break tomography. First-arrivals are associated with the head wave 
which travels at the interface of the near-surface weathered layer and the bedrock 
(Yilmaz, 2001). The quality of the first-break picks is dependent on the near-surface 
conditions and the source. As stated previously, first-breaks were not very clearly 
distinguishable in drop-hammer source shot gathers. High levels of noise in traces 
adjacent to the source also made it difficult to distinguish first-breaks. Various models 
with different levels of simplification were tested for both seismic lines to determine the 
‘best-fit’. The inversions were carried out using a ray-tracing approach (Woodward 
1991).  
 
Field- and residual-statics were computed and extracted from the calculated models. 3-
layer models were found to yield the best results for both seismic line SM2 and SM3 
(Figure 19). As can be seen in Figure 19, velocity profile SM2 is very basic and has no 
lateral velocity variations. More complex models were created and tested with lateral 
velocity variations, however it was found that these complex models had a negative 
impact on the quality of the reflections observed in the data at later stages in data 
processing. Final stacks from both the simplified model and the more complex model 
were compared. The final stack produced from the simplified version was significantly 
better. For this reason, this simplified model was selected. Various models were also 
tested for seismic profile SM3. Figure 19 shows the model which was found to yield the 
best results. Field and residual refraction statics for each line were extracted from the 




were obtained for both seismic lines when only field static corrections were applied. 
Therefore, residual refraction static corrections were not applied to either seismic line.  
 
 
Figure 19. Near-surface velocity model solutions for SM2 (upper) and SM3 (lower). Models were generated 
based on the first-break picks, geometry information and assumed P-wave velocities.  
 
Field-static corrections were applied to the data, data was moved to a floating datum 
where the travel-times were no longer affected by the low-velocity layer (Figure 20). A 






Figure 20. Diagram illustrating the impact of a low-velocity weathered layer and elevation fluctuations on the 
seismic wave ray-paths. After static corrections are applied, data is moved to a floating datum prior to 
stacking. Once stacking is applied, data is moved to a final datum level where reflections appear as if the 
sources and receivers had been on the one datum level.  
 
To correct for short-wavelength variations, residual static corrections were calculated and 
applied prior to stacking. Residual static corrections are based on travel-time distortions 
associated with reflections on NMO-corrected CMP gathers (Taner et al. 1974). They 
were calculated by the cross-correlation of traces in a CMP gather with a pilot trace in 
order to compute residual static shifts within a specified time window. Several time 
windows were tested to determine which yielded the best result without distorting 
reflections outside the time gates. These corrections were carried out in rotation with 
velocity analysis and NMO correction. Improvements were made by recalculating the 
residual statics multiple times in conjunction with adjustments being made to NMO 
velocity model and corrections. This is due to the impact static corrections, NMO 
corrections and velocity analysis have on one another. Improvements in the static 
corrections allow for further improvements in the NMO corrections and velocity models. 
This cycle was repeated multiple times to obtain optimal results. The data was later 
corrected to a constant datum with final datum statics after the data was stacked. 
 
 
3.2.2  Amplitude Corrections  
 
As discussed in section 3.1.1, the amplitude of seismic waves is impacted by several 
factors, for example, absorption and signal scattering. Amplitude corrections were 







Figure 21. Shot gather (10153) from SM3 with static corrections and spherical divergence applied.   
 
Spherical divergence is the effect geometrical spreading has on the amplitude of the 
wavefront (see section 4.1). The amplitude of the wavefront decreases substantially with 
depth as a result of this. The impact that this has on the data was compensated for by 
multiplying each trace with an exponential scaling function of time (Figure 21) 
 
 
𝑔(𝑡) =  𝑡𝛼 (3.11) 
 
Where t is time and 𝛼 is the absorption coefficient.  
 
Air waves were removed from the data by surgically muting the area in the shot gathers 
(Figure 22). A velocity of 330 m/s was used for the muting interval.  
 
High-amplitude S-wave arrivals were observed in seismic profiles SM2 and SM3. These 
S-waves greatly impacted the resulting stack and disguised areas of shallow subsurface 




impact attenuating or muting these arrivals had on the final stack. Both muting and 
attenuating the S-waves were tested on both SM2 and SM3. A combination of muting 
and attenuation was found to yield the best results for SM. Muting was applied to the 
shots located in approximately the middle of the survey line. For the remaining shots, S-
waves were attenuated. Similar tests were carried out on the data in profile SM3. 
However, the resulting stacks showed that attenuating and/or muting the S-wave arrivals 
had a negative impact, removing shallow reflections. As a result, the S-wave arrivals in 
profile SM3 were left untouched. The data quality of SM3 is poorer in comparison to 
SM2. The quality of the data varies along SM3, possibly due to the use of the bobcat 
source in approximately the middle of the survey line. The combination of the poor data 
quality and muting/attenuation of the S-waves may be why reflections in the stacks were 
so greatly impacted in SM3 in comparison to SM2.  
 
 
Figure 22. Shot gather (10153) from SM3 with automatic muting applied and airwaves have been muted. 
Manually picked noisy/dead traces have also been removed (in addition to the corrections applied in Figure 
21).  
 
Further amplitude corrections were also applied to both data sets to compensate for time-




amplitudes across traces by increasing the amplitude of weaker signals. This gain function 
is a time-variant scaling of amplitudes which adjusts the gain applied in accordance with 
the seismic signal amplitude level. It works by using a sliding window of a fixed length 
in which an average amplitude value is computed, the scale factor required to normalise 
this average to a fixed value (i.e. 1.0) is then calculated. This scaling factor is constant 
for each trace in the data, traces are scaled horizontally and vertically. The visualisation 
of reflective events was improved after the application of the AGC function. However, 
this gain function is a non-linear operator and as a result it alters the characteristic of the 
signal. For this reason, care had to be taken when apply AGC to the data and a time-
invariant amplitude balancing function was tested on the data for a comparison. The 
balance function is a time-invariant scaling of amplitudes which was applied to the data 
to test its affect in comparison to AGC. The balance function differs from a gain function 
as trace balancing is typically based on root mean square (rms) -amplitude criterion 
(Yilmaz 2001). Whole-trace balancing was applied to the data. Similar results were 
produced with both approaches. To compare the visualisation of reflective events, both 
datasets were input into the GOCAD® 3D modelling environment. In this software, it was 
found that the AGC function produced better-balanced images for interpretation. Whole-
trace balancing was later applied to improve visualization to the post-stack data.  
 
 
3.2.3 Frequency Filtering  
 
Frequency filtering was carried out to separate frequencies at which noise and unwanted 
energy, e.g. surface waves, dominate from the desired reflections. This improved the 
signal-to-noise ratio. Unwanted frequencies in seismic data can be both low-frequency, 
for example ground-roll, and high-frequency, for example ambient noise. Band-pass 
filtering was chosen for the data because it filters out both high and low frequencies 
outside a given bandwidth. A wide bandpass is desirable to keep as much wanted 
frequencies as possible. However, a compromise is required between the wanted signals 
and the unwanted noise.  
 
Several band-pass filters were tested for both SM2 and SM3 to determine which 
frequencies were dominated by noise and which were reflected signals. As can be seen in 
Figure 23, the dataset from seismic line SM3 is dominated mostly by low-frequency noise 




the low-frequency noise the optimal lower value for the bandpass filter was found to be 
30 Hz. This was chosen in order to remove a large portion of the low-frequency noise and 
also preserve reflection events in the dataset. The upper frequency of the bandpass filter 
was set to 150 Hz. Taper values were also set in order to reduce the ringing effect caused 
by the Fourier transform used for filtering. A lower taper value of 10 Hz and an upper 
taper value of 170 Hz was used for profile SM2.  
 
For seismic profile SM3, the low frequency of the bandpass filter was set to 40 Hz. This 
was found to give the optimal results in filtering out low-frequency noise and preserving 
reflection events. The high frequency was set to 150 Hz. As was the case for SM2, taper 
values were also set. A lower value of 25 Hz and higher value of 170 Hz was chosen. 
Figure 24 shows an example of a shot gather from SM3 with this bandpass filter applied. 






Figure 23. Comparison between different bandpass filters. Shot number 10153 from SM3 was used for this 
example.  
 
Deconvolution is an additional processing step which can improve the signal-to-noise 
ratio. Deconvolution can improve the temporal resolution of the data by reversing the 
effects of successive convolutions to reconstruct the reflectivity function/ the shape of a 
waveform. Various algorithms, including spiking deconvolution and predictive 
deconvolution, were tested on the data but results were unsatisfactory, and deconvolution 





Figure 24. Shot gather from profile SM3 (shot 10153) with bandpass filter (20-40-150-170) applied (in 
addition to previous corrections shown in Figure 21 and 22).  
 
 
3.2.4 Stacking and Velocity Analysis  
 
CMP stacking is an effective way of improving the signal-to-noise ratio in the data. By 
summing traces from the same CMP, reflective signals are strengthened, and noise is 
dimmed. Prior to stacking, NMO correction needs to be applied to the data to compensate 
for travel-time delays caused by nonzero offsets. The NMO correction is obtained by the 
equation 
 







 where t(x) is the measured time, t0 is zero-offset time, x is the offset distance and V is the 




constant velocity was used to create the first NMO velocity model required for stacking. 
As stated previously, this was carried out in a round with residual static corrections (see 
section 3.2.1). The velocity model which was used for the NMO correction for seismic 
profile SM2 is shown in Figure 25. The NMO correction was applied to the dataset and 
the data was CMP stacked (Figure 26). 
 
 
Figure 25. Final velocity model created for SM2 which was used for the NMO correction. Velocities in the model are 















































Figure 26. Unmigrated, NMO-corrected and CMP-stacked data from SM2. The velocity model presented in 
Figure 25 was utilised for the NMO correction. To improve the display, post-stacking processing tools such 
as f-x deconvolution, additional filtering, balancing and AGC have been applied to the stack. The geology 
bar displayed above the stack was extracted from the known surface geology (Figure 18). (Scale 1:2)  
 
Similar processing steps were also applied to the dataset from seismic profile SM3. 
However, as previously mentioned S-wave were not supressed in the data from SM3 due 
to the negative impact this process had on the data. The resulting velocity model which 
was used for the NMO correction is shown in Figure 27 and the NMO-corrected CMP 



























Figure 27. Final velocity model created for SM3 which was used for the NMO correction. Velocities in the 







































Figure 28. Unmigrated, NMO-corrected and CMP-stacked data from SM3. The velocity model presented in 
Figure 27 was utilised for the NMO correction. To improve the display, post-stacking processing tools such 
as f-x deconvolution, additional filtering, balancing and AGC have been applied to the stack. The geology 

























3.2.5  Migration and Time-to-Depth Conversion 
 
Migration was applied to the data to move dipping reflections to their true positions in 
the subsurface and to collapse diffractions (Figure 29). As a result of this, the spatial 
resolution of the data is increased. The aim of migrating the data is to obtain a section 
which resembles the geologic cross-section at depth along both seismic profiles. Prior to 
migration, dipping features in the subsurface appear as dipping reflectors. However, the 
slopes are different, with the true dip of the reflector being greater than what is observed 
in the seismic data. The relationship between the true dip (𝜉) and the apparent dip (𝜉𝑎) is:  
 
tan(𝜉𝑎) = sin(𝜉) (3.13) 
 
 
Figure 29. Diagram illustrating the principle of migration. The migration process moves dipping reflections 
to their true positions in the subsurface. Both the apparent and true positions of the reflector and their 
respective dipping angles ξ and ξa are illustrated in the diagram.  
 
Migration can be done both pre-stack and post-stack. For a simple model without dips or 
lateral velocity various, both approaches would yield similar results. However, for a more 
complex model, consisting of large dips and significant lateral velocity various, pre-stack 
migration is more effective. For the Siilinjärvi study area, post-stack migration was 
adequate. The Kirchhoff migration algorithm was applied to both of the seismic profiles 
(SM1 and SM2) post-stack. Kirchhoff migration uses the Kirchhoff integral to integrate 
along diffraction curves and placing the results at the creases of the diffractions curves 





Additional processing tools were applied after migration to visually improve the stacks 
and boost the reflections. This included additional frequency filtering, additional AGC, 
fx-deconvolution and semblance smooth and balancing. These tools were applied to aid 
in the data interpretation. However, it was important to be conscious of the effect each of 
these tools had on the stacks in order to prevent false reflections from appearing. 
 
The final step in processing the seismic data was to convert the data into the depth domain. 
To do this, a time-to-depth conversion was applied to the stacks. This conversion was 
performed by using a constant velocity of 5500 ms-1. This velocity was chosen so that the 
stacks of SM2 and SM3 would be comparable with the other reflection seismic profile, 



































Figure 30. Migrated stack of seismic line SM2. Kirchoff’s migration algorithm was utilised to migrate the data. 
To improve the visualisation, post-stacking tools such as f-x deconvolution and additional filtering, balancing 
and AGC have been applied to the stack. The geology bar has been extracted from the known surface 



















































Figure 31. Migrated stack of seismic line SM3. Kirchoff’s migration algorithm was utilised to migrate the data. 
To improve the visualisation, post-stacking tools such as f-x deconvolution and additional filtering, balancing 
and AGC have been applied to the stack. The geology bar has been extracted from the known surface 





4 GROUND PENETRATING RADAR  
 
4.1 Fundamentals of GPR 
 
4.1.1 Background Theory 
 
Ground penetrating radar (GPR) is a widely used geophysical technique with a diverse 
range of applications. The method utilises high-frequency pulsed electromagnetic (EM) 
waves, usually in the range of 20MHz – 2GHz, to create images of the shallow subsurface 
(Jol 2008 and Knight 2001). The response of a material to an EM wave is a function of 
the dielectric properties of the material. The physics of the propagating EM fields are 
described by Maxwell’s equations, while material properties are quantified by 
constitutive relationships. A combination of both of these elements are the foundations 
for quantitatively describing GPR signals. This section presents aspects of GPR theory 
which are fundamental for this study. A more detailed description can be found for 
example in Jol (2008) and Reynolds (2011).  
GPR exploits the electrical properties of a material. The electrical properties are described 
by the dielectric permittivity  and electrical conductivity 𝜎 (Jol 2008). The propagation 
of an EM wave through a material is dependent on the dielectric properties of the material, 
but is also significantly affected by the electrical conductivity. Electrical conductivity is 
the property which controls the attenuation of the EM signal. It characterizes free charge 
movement when an electric field is present. The dielectric permittivity describes a 
material’s ability to store and release EM energy in the form of electric charge. It is 
common practice in GPR to assume low-loss conditions (partially conducting medium), 
𝜎 ≪ 𝜔 , where 𝜔 = 2𝜋𝑓 is angular frequency and ε is the dielectric permittivity which 
can be defined as the product of the dielectric permittivity in a vacuum ε0 and relative 
dielectric permittivity 𝑟. In non-magnetic (μr = 1), which are also typically assumed, 
low-loss materials, the relative dielectric permittivity controls the velocity v of EM waves. 
The velocity can be approximated by: 




Where c is the speed of light in a vacuum (c ≈ 0.3m/ns).  
Electromagnetic waves propagate from a source through a medium as a growing cone, 




travels distance z. The decrease in amplitude of EM waves is a result of geometrical 
spreading and absorption of energy in the media. This decrease in amplitude can be 





where 𝛼 is the attenuation constant (Jol, 2008). Attenuation is a frequency-dependent 
measure of the spatial rate of decay of the wave in the medium. The attenuation factor 
increases with increasing signal frequency resulting in stronger attenuation scattering of 
the signal. In low-loss conditions, however, the attenuation constant can be approximated 
to be independent from frequency, and can be expressed as  








Conductivity has therefore the greatest influence on the attenuation constant. Attenuation 
dictates how deep an EM wave can penetrate the medium. The distance through which 
the amplitude of an EM wave decreases by an amplitude of e-1 is referred to as skin depth 
(𝛿) of the medium. For low-loss conditions this can be determined by 









In general, the skin depth is smaller with higher frequencies. It increases in materials with 
lower conductivities and/or higher dielectric permittivities. However, the skin depth does 
not equate to the depth of penetration of the GPR. A general rule of thumb is that the 
depth of penetration can be estimated to be approximately 5 times the skin depth. The use 
of high GPR frequencies results in better resolution but the depth of penetration is 
decreased.  
 
4.1.2 EM Waves at an Interface 
 
When an EM wave encounters an abrupt change in dielectric permittivity, a portion of 




happens similarly to a seismic wave encountering a boundary (see section 3.1.2). The 
strength of the reflected wave is proportional to the magnitude of the contrast in dielectric 
permittivity of the two materials. The intensity of a reflected EM wave can be estimated 
by the reflection coefficient R. This occurs similarly to seismic waves encountering a 
boundary, as discussed in section 5.1.2. The EM waves in GPR measurements are treated 
as if they hit the interface at a normal incident angle (vertical), meaning that the reflected 
and transmitted waves travel vertically. Assuming low-loss conditions, non-magnetic 
media and a normal incidence, the reflection coefficient R can be estimated by   
 




√ 𝑟2 −  √ 𝑟1





Where Ar is the amplitude of the reflected wave and Ai is the amplitude of the incident 
wave. 𝑟1 and 𝑟2 are the relative dialectic permittivies of the adjacent layers, 1 and 2. 
Typically,  increases with depth so in general 𝑟1 < 𝑟2 (Reynolds 2011). R lies within 
the range +1 to -1.  
 
Vertical resolution ∆𝑉 is a measure of the ability to differentiate between two signals 
adjacent to each other in time. It is dependent on the centre frequency (fc) of the antenna 
and the velocity of the EM wave. The vertical resolution can be estimated by  






It is evident from eqn. 4.6 that a higher centre frequency yields a higher vertical 
resolution.  
Horizontal resolution ∆𝐻 is the measure of how close two reflecting points can be located 
horizontally and still be recognized as two separate points instead of one. As with the 
vertical resolution, the horizontal resolution depends on the centre frequency and EM 
wave velocity. However, in addition to these, depth z is also an important factor for 
horizontal resolution: 










Horizontal resolution decreases with depth, this is due to energy expanding laterally as it 
propagates downwards (Neal 2004). Reflectors which are smaller than the horizontal 
resolution generate diffraction hyperbolas in the data.  
 
 
4.1.3 GPR Method 
 
The most common form of GPR measurements is with a transmitter and a receiver in a 
fixed geometry, meaning that data is acquired with a common-offset setup. The 
transmitter emits pulses of high-frequency electromagnetic energy into the subsurface. 
Reflections occur when the propagating energy encounters interfaces of materials with a 
contrast in relative dielectric permittivity. The reflected waves are detected by a receiver 
antenna on the surface (Figure 32). Multiple pulses of signal are emitted at each survey 
point to obtain stacks of the data. The two-way travel time and the amplitude of the 
reflections are measured by the receiver and this can be then used to obtain a cross-section 










Figure 32. Diagram showing the ray paths of electromagnetic waves emitted from the transmitter of the GPR 
system. Ray paths of the air wave, ground wave and reflected wave associated with a common-offset GPR 






4.2 Acquisition of GPR data in Siilinjärvi 
 
GPR data was acquired along seismic profile SM2 (Figure 34). Weather conditions during 
data acquisition, temperatures varied between -5 and -10C, meaning that the ground was 
frozen.  
 
GPR data was collected along SM2 using a 30 MHz and 50 MHz antenna. Both datasets 
were processed, and the results were compared. The observation was that both 
frequencies yielded similar results. This study focuses on the 30 MHz data due to the 
greater depth of penetration.  
 
The GPR system utilised for data acquisition was MALÅ ProEx system using the MALÅ 
rough-terrain 30 MHz unshielded antenna with fixed geometry (MALÅ GPR Australia 
2009-2017). The acquisition system, which is owned by the University of Helsinki, was 
comprised of; MALÅ Professional Explorer control unit, MALÅ XV monitor, measuring 
wheel/ hip chain, GPS and antennas, transmitter and receiver (Figure 33). The data was 
acquired using a common-offset, single-fold survey design, meaning that the system was 
transported along the survey line with a fixed antenna geometry and measurements were 
made at regular station intervals. This type of survey mode maps the subsurface 






Figure 33. Field image of Smart Exploration team member operating the GPR system data acquisition in the 
Särkijärvi pit. The GPS is located in the backpack carried by the surveyor. The distance between the 
transmitter and receiver (~6.15 m) and the distance between the GPS and the measurement point (~8.67 
m) are displayed on the image.  
 
The goal of the GPR survey was to detect changes in the bedrock geology and image any 
shallow structures present in the bedrock. Low-frequency antennas (centre frequencies of 
20-50 MHz) are required to attain a depth of penetration suitable for this type of survey.  
GPR data was collected along the survey line by following the wooden pegs, which mark 
the locations of the seismic sources and receivers, as a guide. In some instances, where 
the terrain was not favourable or the forestation was too thick, a slightly different route 
was taken for the GPR, staying as close to SM2 as possible. The beginning of survey line 
SM2 was not surveyed by the GPR due to the rough, steep terrain. The data was collected 
in SE direction in three segments, data lines 207, 208 & 209 (Figure 34). Due to the 
presence of a road (national road 75), there is a gap in GPR data along the survey line. 




GPR antenna can receive aerial signals due to the presence of powerlines, trees or metallic 
objects above the surface. Any possible causes of aerial reflections were therefore noted 
during data acquisition.   
 
 
Figure 34. Location of GPR survey lines aquired at the Siilinjärvi mine site during Autumn 2018. The GPR 
lines were collected along the seismic survey line SM2 (line 207 was located along the cabled section of the 
seismic line, lines 208 and 209 were located along the wireless section). Coordinates are in the EUREF-FIN 
ETRS-TM35FIN system. Geology from Yara. Basemap: © National Land Survey of Finland. 
 
The GPS was connected to the MALÅ monitor and continuous coordinate readings were 
taken during data acquisition. The GPS used in the survey was not of high accuracy and 
it was carried in the backpack of the surveyor (Figure 33). Prior to data processing, the 
coordinates acquired from the GPS located in the surveyor’s backpack had to be switched 
with coordinates collected with a high-precision GPS.  
 
A trace spacing of 0.83m was used, using a measuring wheel to measure the distance. 




set to 1311 ns. A running stack of 16 was applied. The parameters used for this survey 
are summarised in Table 2.  
 
Table 2. GPR survey parameters for measurements acquired in Autumn 2008. The theoretical vertical and 
horizontal resolutions for the survey have been calculated using the equations 4.6 and 4.7. Electromagnetic 
wave velocities of 0.07-0.13 mns-1 were used to calculate the resolutions for the 30MHz frequency antenna. 
 
 
The theoretical horizontal and vertical resolutions for the 30 MHz frequency antenna were 
calculated using equations 4.6 and 4.7. Electromagnetic wave velocities in the range of 
0.07-0.13 mns-1 were used in the calculations. The velocity range was based on the typical 
dielectric constants of the geology/sediments found in the survey area. The theoretical 
vertical resolution was found to vary between 0.8-1.1 m. The horizontal resolution was 
Survey parameters Value 
Survey type 
Profiles 
2D Ground Penetrating Radar common offset survey  
Lines 207, 208 & 209 (all along survey line SM2) 
Total length of survey lines ~ 2.1 km 
Equipment Information    
GPR unit MALÅ Professional Explorer (ProEx) 
Cabled receiver type MALÅ rough-terrain 30 MHz unshielded fixed geometry 
antennae 
Acquisition parameters  
Antenna separation 6.15m  
Mode of distance measurement 
(for data collection) 
Measuring wheel 
Sampling interval 3.3ns 
Time window (recording window) 1131ns 
Stacks 16 
Trace spacing 0.833m 
Calculated (theoretical) survey resolution  
(using velocity range of 0.07-0.13mns-1 and 30 MHz frequency) 
Horizontal 
resolution 
2.8 -2.9 at 1m depth, 4.8 -6.4 at 5m depth and 8.3 -
11.0m at 15m depth. 




calculated to vary between 2.8-2.9 at a 1m depth, 4.8-6.4 m at 5m depth and 8.3-11.0 m 
at a 15 m depth.  
 
 
4.3 Processing of GPR data 
 
Processing of GPR data is similar to that of reflection seismic data, however it is much 
simpler in comparison. The goal of processing is to increase the signal-to-noise ratio of 
the data and present the GPR data in a format which accurately reflects the subsurface to 
aid in the interpretation. GPR data collected at Siilinjärvi was processed using Reflexw 
software, produced by Sandmeier geophysical research (Sandmeier geophysical research, 
2020). The workflow that was performed on the data is summarised in Figure 35.  
 





Figure 35.Processing flow used for seismic lines SM2 and SM3.   
Pre-processing / data editing 
Sorting data files  
Correcting coordinate heights  
Correcting GPR – GPS displacement  
Data Processing- 30 MHz data 
DC-shift   
Dewow filtering 33 ns time window 
Time-zero correction  
Gain Manual linear increasing as a function of time 
Subtracting average Average of 20 - 60 traces 
Frequency filtering ~ 10- 20- 40-50 MHz bandpass filter 
Kirchoff migration Summation width 3, Velocity 0.1 mns-1 
Median xy-filter 2 traces and 2 samples, starting time at 0 ns 
Time-to-depth conversion Constant velocity of 0.1 mns-1 
Topography Correction  
Normalise profiles Constant normalising factor 
Raw data input 




Prior to importing the raw data into the processing software, the data files and coordinate 
files were edited. As previously mentioned, the coordinates collected with the GPS in the 
surveyor’s backpack were switched with coordinates collected with a high-precision 
GPS. The distance between the GPS and the middle of the transmitter and receiver, i.e. 
the measurement point, was measured to be approximately 8.67m. This distance needed 
to be accounted for to place each trace at a more accurate location. The correction was 
performed by increasing the number of each trace by 10 (the distance between the two 
points divided by trace spacing, 8.67/ 0.83 ≈ 10.4). The error margin between these 
corrected coordinates and the actual surface positions is approximately 30-40cm.  
 
4.3.1 Time-zero Correction 
 
Discrepancies in the arrival times of the first arrivals can occur due to factors such as 
cable length differences, thermal drift and variations in antenna airgap (due to obstacles 
such as areas of higher grass vegetation, rough ground surface etc.). Time-zero needs to 
be corrected to a common time-zero position, to prevent misalignment of first-arrivals 
and also of primary and secondary reflections beneath the air and ground waves. The 
correction considers the transmitter and receiver to be at the same position, i.e. zero-
offset. The time delays associated with the antenna separation result in reflectors 
appearing at a greater depth than their true positions. However, the depth distortion of 
deeper primary reflections associated with GPR surveys is reasonably small. The effect 
of the discrepancy becomes more significant with larger antenna separations and less 
significant with depth. Therefore, NMO correction was not applied to the GPR data, 
meaning that time delays caused by the transmitter and receiver offset were not subtracted 
from the travel-times, instead the time prior to the first-break was removed. This concept 
is similar to the NMO correction applied to the seismic data (see section 3.2.4).  
 
 
4.3.2 Amplitude Corrections and Filtering 
 
As a result of the electronics of the GPR system, the mean amplitude of traces was slightly 
shifted from zero. This displacement from zero is referred to as a direct current offset 
(DC offset). DC shift was applied to move each whole trace to alternate around a mean 





Signal saturation occurs in the data due to the large energy input to the GPR receiver from 
the airwave, groundwave and near surface reflections. The receiver is unable to adjust 
fast enough to the large variations in vertical stacks and as a result induces a low-
frequency, slowly-decaying ‘wow’ in the data. To remove this from the data, the ‘dewow’ 
filter was used. This is a high-pass filter which allows the spectral peak for a specific 
antenna centre-frequency to pass but it supresses the low-frequency ‘wow’ (Neal 2004). 
The filter works by subtracting the mean of each trace from the central point. A time 
window of 33ns was set for the 30MHz data acquired at Siilinjärvi.  
 
Gain was applied to the data to compensate for the decaying of signal amplitude due to 
signal attenuation and geometric spreading. A time-dependent manual gain function was 
designed for the data to boost and enhance the signals at later times.  
 
Subtracting-average filter was used to suppress airwave and groundwaves in the data. 
This 2D filter subtracts the mean of all the traces from each individual trace. The filter 
also removed background noise and antenna ringing from the data. 20-60 traces were 
used to calculate the averaged traces. The starting time was set to 15 ns and the end time 
was set to 110 ns for line 207 and 90 ns for lines 208 and 209.  
 
To remove unwanted high- and low- frequency noise from the data a bandpass filter was 
applied. This filter is a frequency domain filter which is a combination of both a high- 
and low-pass filter. Bandwidth values which vary around the centre-frequency (30 MHz) 
were chosen for the filter. A frequency spectrum was utilised to design an optimal 
bandpass filter. The high-pass frequency value was set to 40 MHz and the low-pass value 
was set to 20 MHz. As was the case for filtering the seismic data (section 3.2.3), to avoid 
undesirable ringing in the data, the filter slopes were tapered to create a softer edge. A 
lower taper value 10 MHz and a higher taper value of 50 MHz. was selected.   
 
The acquired GPR profiles were moderately pixelated in the presence of noisy traces. To 
‘smooth’ the profiles and make noisy traces less visible, a 2D Median filter was applied 
to the data post migration. The filter supresses trace- and time-dependent noise and spike 
events by acting as a low-pass filter in both the x- and y- direction (Sandmeier 2011). The 
median is calculated over a selected xy-area for each time step. The number of traces (x) 




is the possibility of decreasing data resolution, because of this a later starting time was 
used.   
 
Profile normalisation was also applied to the unmigrated data. This is an enhancement 
tool used to improve the contrast of the radar profiles by 'stretching’ the range of the 
intensity values. A linear scaling function is applied to the pixel values of the radar images 
to improve the visualisation of the data.   
 
The effects which these various processing steps had on the dataset are illustrated in 





Figure 36. Processing steps applied to the GPR data. Profile 207 is shown to illustrate the impact of each 




4.3.3  Velocity Analysis and Migration  
 
Good quality subsurface-radar-wave velocity information is essential for accurately 
converting the data profiles from the time domain to the depth scale. Velocity analysis 
was carried out on the Siilinjärvi data to obtain this information. This was crucial for 
achieving accurate depth estimates and was also required for migration (see section 
3.2.5). Velocity estimates were made by using hyperbola analysis in the common-offset 
profiles. Few hyperbolas were seen in the acquired GPR profiles and in the case where 
hyperbola analysis was not possible an assumed velocity of 0.1mns-1 was used. The 
electromagnetic wave velocity was estimated, based on the dielectric relative permittivity 
of the materials in the area, to be in the range of 0.09 – 0.13 mns-1. Migration was carried 
out based on the findings from the velocity analysis. Several migration algorithms were 
tested on the data, out of which the Kirchoff migration proved to be the most suitable 
choice (Figure 36).     
 
Time-to-depth conversion was carried out on the acquired profiles using the velocity 
utilised for migration. The depth of penetration for the lines was seen to be approximately 
22 to 23m. The topography of the lines was also added to the GPR profile to account for 
fluctuates in elevations which can cause significant distortions of the subsurface image if 
it is not corrected. For this correction, elevation information from coordinate files was 
added to the data.  
 
The three processed lines are presented in Figure 37. Geology bars extracted from the 







Figure 37. Processed GPR lines; 207 (upper), 208 (lower left) and 209 (lower right) acquired from along seismic profile SM2. Geology bar have been extracted from 






5 MAGNETIC METHOD  
 
5.1  Fundamentals of Magnetic Method 
 
5.1.1 Theoretical Background  
 
Magnetism and magnetisation are the influential physical phenomena for the magnetic 
method. All rocks are magnetised to varying extents by the Earth’s magnetic field. 
Magnetic methods measure the magnetic flux density, i.e. the B-field, of the Earth, which 
is composed of three main components: 1) Earth’s main magnetic field (both internal and 
external), 2) induced magnetisation of Earth’s materials and 3) remanent magnetisation 
of Earth’s materials. The main magnetic field, which accounts for ~98% or more of the 
geomagnetic field (Hinze, et al. 2013, p. 216), originates from the Earth’s fluid outer core 
(the internal field). It is generated and maintained by the convection flow of electric 
currents in the fluid outer core of the Earth. It can be approximated by a dipole in the 
centre of the Earth that is tilted 11.5º with respect to the rotational axis. The intensity of 
the main magnetic field varies and is strongest at the poles (~60,000 nT) and decreases 
towards there equator (~ 30,000 nT) (Campbell 2003, p.7).  
 
Variations in the magnetic field can occur due to several different factors. The main 
magnetic field (internal field) is slowly changing through time due to the turbulent 
convection flow. Intense changes in the magnetic field arise when polar reversals occur 
(longer timescale of ~10,000 years). The externally produced portion of the Earth’s 
magnetic field undergoes more rapid variations due to solar activity, Earth’s rotation or 
human activity (Reynolds, 2011, p. 95). Spatial variations in the magnetic field are caused 
by inhomogeneities of the Earth’s crust (e.g. ore deposits). These inhomogeneities 
produce anomalies in the Earth’s magnetic field as a result of induced and remanent 
magnetisation. The background physics and theory of magnetics are discussed in greater 
detail by Campbell (2003) and Reynolds (2011). 
 
The magnetisation of Earth’s magnetic minerals by an external magnetic field is referred 






susceptible a material is to magnetisation. It specifies the degree of magnetisation M per 
unit volume (or intensity of magnetisation) as a response to the external field.  
 
𝑴𝒊 = 𝑘𝑯 (5.1) 
 
The induced magnetisation Mi is proportional to the applied external magnetic field 
strength H and the magnetic susceptibility of the material k. This relationship is true for 
homogenous and isotropic materials.  
The dependence between the magnetic field B and the magnetic field strength H is 
defined as the magnetic permeability in a vacuum (4π∙10-7 NA-2): 
where the magnetic susceptibility is k = 0 and relative permeability is µr = 1.  
 
The magnitude of the induced and remanent magnetic fields is dependent on the magnetic 
susceptibility, spatial distribution and concentration of the local crustal magnetic 
materials. Materials can be classified based on their magnetic properties, as being dia-, 
para-, ferro, or ferri-magnetic. Dia- and paramagnetism only exist in the presence of an 
external field, therefore the magnetisation is linear in relation to the field strength (Schön, 
2011, p. 375). (Reynolds 2011. Both dia- and paramagnetism result in low magnetic 
susceptibilities. Ferro- and ferri-magnetic materials have the highest magnetic 
susceptibilies. In addition, they may also acquire a remanent magnetisation, i.e. be 
permanently magnetised in the absence of an applied, external field (Reynolds 2011, p. 
85). The magnetisation and susceptibility of ferro- and ferri-magnetic materials is largely 
dependent on temperature. When the temperature reaches above Curie temperature for 
ferro- and ferromagnetic material, the material then has paramagnetic properties (Schön 
2011, p.376).  
 
Variations in the induced and remanent magnetisation create magnetic anomalies. These 
characteristics can be utilised for mineral exploration purposes. The magnetic method can 
be used to detect local changes in the magnetic field, which indicates variations in the 
 








concentration of magnetic minerals in the subsurface. The induced anomalies are 
dependent on the direction of the Earth’s magnetic field. The anomalies can have both 
positive and negative peaks, due to the dipolar nature of the Earth’s magnetic field. 
Several factors can impact the shape of a magnetic anomaly in addition to the magnetic 
susceptibility that controls the strength of the anomaly, e.g. the latitude, depth, strike and 
dip angle of the detected magnetic body. Sharp anomalies occur if the magnetic body is 
small and is close to the surface, whereas broader and smoother anomalies occur if the 
magnetic bodies are deeper. Therefore, it is possible to estimate the depth to a magnetic 
body based on the shape of the anomaly. However, if remanent magnetism is also present, 
the shape of the anomaly can be affected significantly which will complicate the 
interpretation (Reynolds, 2011, p. 112, Green, 1960). To prevent misinterpretation, the 
intensity and direction of the remanent magnetism should be determined.  
 
5.2  Acquisition of Magnetic Data at Siilinärvi 
 
Near-surface magnetic data was collected along the seismic profile SM2 (Figure 38). Two 
magnetometers were used in the survey; one to acquire the total field magnetic data along 
the survey line, and another one was set up as a base station to record the total field daily 
variation (Figure 39). Data collection was carried out by MSc students from Uppsala 

































Figure 38. Magnetic survey line acquired along SM2 (upper) overlain on a geology map of the survey area 
and (lower) overlain on an Aeromagnetic anomaly map. Coordinates are in the EUREF-FIN ETRS-TM35FIN 
system. Geology from Yara. Aeromagnetic anomaly map of Finland © Geological survey of Finland 2007. 
Base map: Elevation model 2008-2019, 2 m x 2 m, © National Land Survey of Finland. 
 
A GEM GSM-19 Overhauser magnetometer owned by the Uppsala University was used 
to carry out the measurements. This magnetometer works by exploiting the nuclear 

































































































free, unpaired electrons is combined with hydrogen atoms and the mixture is exposed to 
the external RF magnetic field. This causes the unpaired electrons in the liquid to transfer 
energy to the protons (Overhauser effect) which results in the alteration of the spin state 
of the protons, thus polarizing the liquid. When the external field is removed, the protons 
precess and realign with the Earth’s magnetic field. The frequency of precession 𝑓𝑝 , 
known as Larmor precession frequency, is proportional to the total magnetic field B.  
 
𝐵 = 2𝜋𝑓𝑝/Υ𝑝 (5.3) 




Figure 39. Field photograph of magnetometer used as base station to records daily fluctuations in the total 
magnetic field. 
 
The GEM GSM-19 Overhauser magnetometer has a resolution of 0.01 nT and an absolute 
accuracy of +/- 0.1 nT. Total field measurements were taken along the survey line using 
“walking” mode and a single sensor with a sampling rate of 1s. An AC filter of 50 Hz 






was utilised to record the coordinates of the acquired measurements. The parameters used 
for this survey are summarised in Table 3.  
 
Table 3. Survey parameters of magnetic measurements carried out by Uppsala University students in 
Siilinjärvi, 2018. 
Survey Parameters  
Type of survey Single sensor, 2D total field (nT) magnetic profiles 
Total length of survey lines ~ 2 km 
Survey Equipment GEM GSM-19 Overhauser magnetometer 




Base station sampling rate 20 s 
AC filter  




5.3  Processing of Magnetic Data 
 
For the magnetic data, it was essential to remove noises caused by elements unrelated to 
the subsurface magnetism. To do this, the processing flow presented in Figure 40 was 





















Sorting data files 








 Plotting Data Interpretation 






The recordings from the base station how that the total magnetic field (nT) fluctuated 
with time (Figure 41). These measurements were used to correct the survey measurements 
for the daily variations in the magnetic field. Deviations of the total magnetic field were 
interpolated with time to obtain the correction required to remove this variation from the 
measurements acquired along SM2. Additional editing of the dataset was required to 




Figure 41. Magnetic total field (nT) measurements recorded by the base station showing 
fluctuations in the measurements with time.   
 
The uncorrected and corrected measurements are presented in Figure 42. A geological 
bar based on the surface geology is displayed above the plot to aid in the interpretation. 
The gap in the data observed at approximately 800m along the survey line is due to the 







Figure 42. Magnetic total field (nT) measurements acquired from the magnetic survey along survey line 
SM2. Uncorrected data and corrected data are plotted along with the correction of the daily variation of the 







6 RESULTS AND INTERPRETATION  
 
In this chapter, the processed seismic, GPR and magnetic data are presented, and 
interpretations of the results are presented in conjunction with the available geological 
data from the survey area. The geological data include: borehole information and surface 
geology information.  
 
 
6.1 Reflection Seismic Data 
 
 
As discussed in section 3.1.2, seismic reflections may occur at interfaces of contrasting 
physical properties such as lithological contacts or shear zones. The occurrence of a 
reflection is dependent on the magnitude of contrast across the interface, specifically on 
the contrast in acoustic impedance. Seismic profiles SM2 and SM3, are known to cross 
several lithological boundaries (Figure 18). From the physical property study conducted 
by Malehmir et al. (2017) (see section 2.2.2), typical acoustic impedances of the various 
rock types found in the study area were estimated based on the P-wave velocity and 
density measurements (Table 4).  
 
Table 4. Estimated P-wave velocity (ms-1) and density (kgm-3) values for the rock types found in the Siilinjärvi 
mine area. Values were taken from the physical property study carried out in the mine area by Malehmir et 
al. (2017) (Figure 6).  
 
Rock Type P-wave Velocity (ms-1) Density (kgm-3) 
Carbonatite-Glimmerite ore 5000 - 6500 2800-2950 
Fenite 5200- 6100 2500-2700 
Diabase 4600- 6500 2750-3200 
Diorite 5400- 6400 2600-2900 
Granite 4200-5800 2500-2800 
Gneiss 3200-4800 2500-2900 
 
Reflection coefficients of possible geological contacts in the study area were calculated 
from the available P-wave velocity and density estimates (section 3.1.2) using Equation 
3.7. These calculations indicate whether or not reflections are theoretically possible at the 






for a reflection to occur is 0.06 (Salisbury et al. 1996). The estimated reflection 
coefficients (Table 4) indicate that reflections should occur where carbonatite-glimmerite 
and diabase are in contact with tonalite-diorite, fenite, granite, gneiss and each other. An 
interface of fenite and diorite is estimated to have the lowest average reflection 
coefficient, indicating that reflection event will not occur at this boundary. As can be seen 
in Table 4, there is a wide range of variability in density and seismic velocity within the 
same group of samples, resulting in a range of reflection coefficient estimations (Table 
5). Therefore, in some cases the velocity and/or density values across an interface may be 
similar and will not result in a reflection. One factor which was by Malehmir et al. (2017) 
noted to have an impact the acoustic impedance of the materials was porosity. Areas of 
fracturing or shear zones therefore could produce reflections if the contrast in acoustic 
impedance is large enough (Malehmir et al. 2017). Carbonatites in the Siilinjärvi mine 
area, which are not next to fenite, generally show better rock quality in comparison to 







Table 5. Estimated reflection coefficients for seismic waves at interfaces of different rock types. Calculations 
were carried out with Equation 3.7 using the P-wave velocity and density values presented in Table 4. 
Lithological Interface Reflection Coefficient R (-1 to +1) Average R 
Diabase - Diorite  ± 0.03 to ± 0.05 0.05 
Diabase - Gneiss ± 0.17 to ± 0.22 0.2 
Diabase - Granite ± 0.09 to ± 0.1 0.1 
Diabase - fenite ± 0.09 to ± 0.14 0.5 
Ore - Diorite ± 0.0 to ± 0.02 0.01 
Ore - Diabase ± 0.04 to ± 0.05 0.05 
Ore - Gneiss ± 0.15 to ± 0.27 0.22 
Ore – Granite ± 0.07 to ± 0.14 0.11 
Ore - Fenite  ± 0.04 to ± 0.16 0.11 
Fenite- Diorite ± 0.01 to ± 0.09 0.05 
Fenite - Granite ± 0.01 to ± 0.11 0.06 
Diorite - Granite ± 0.07 to ± 0.14 0.11 
 
 
6.1.1 Seismic line SM2   
 
Multiple reflection events are visible along seismic profile SM2. Upon inspection of the 
final migrated stack (Figure 43), lateral variations in reflectivity behaviour are observed 
across the profile. Based on these lateral variations, the profile can be divided into three 
separate parts; the western side of the profile where we see a ‘wedge’ of high reflectivity 
(TD, Figure 43) surrounded by lower reflectivity (G1, Figure 43), the low reflectivity area 
in the eastern section of the profile (G2, Figure 43) and then the more complex reflective 
section in the centre (CG1, CG2 and M, Figure 43). The depth extent achieved is much 
greater than what was required for this survey and deeper than the mineable depths (< 1 
km). Intense reflections are seen to continue to a depth of approximately 4 km.  
 
The most intensely reflective area on profile SM2 is observed in the centre of the profile 






horizontal and dipping reflections in the near surface, is observed. Based on the surface 
geology, borehole lithology and reflective response, this area is interpreted as carbonatite-
glimmerite. Boreholes in this area are relatively shallow in comparison to boreholes in 
and close to the mine area, therefore, borehole lithology information in this area is limited. 
However, near-surface borehole information shows that the carbonatite-glimmerite unit 
is intruded by several diabase dikes, some of which correlate with the location for dipping 
reflections in the data (DD2, Figure 43). A similar reflective pattern was observed along 
seismic profile SM1 by Laakso (2019), where near surface reflections were found to 
correlate well with features in the waste-rock dike network 3D model created by Kauti et 
al. (manuscript in preparation). By comparing the reflective pattern to what is observed 
along SM1, the sub-horizontal reflections on SM2 are interpreted as being a network of 
diabase dikes which cut through the carbonatite-glimmerite deposit. The physical 
properties of diabase and carbonatite-glimmerite (Table 5) indicate that the occurrence of 
a reflection event is possible at the interface these two lithologies. The reflective package 
is constrained at a depth of approximately 600 m by a SE dipping bottom reflector. It is 
unclear as to what this feature is and boreholes in the area do not reach this depth to 
determine the nature of it (Figure 43).  
 
Within the area of carbonatite-glimmerite, a seismically quiet area is observed between 
approximately CMP 300 and CMP 340 and extending to a depth of approximately 400 m 
(CG2, Figure 43). The lack of reflection events in this area may be due to the presence of 
more homogenous carbonatite-glimmerite.  
 
To the west of the reflective package, a NW dipping feature is observed in the data (DD3, 
Figure 43). Based on the physical properties (Table 5), this feature is interpreted as a 
possible diabase dike. However, there is no borehole information in this. It is possible 
that it is a possible fault or fracture zone. Further information from drill holes, such as 
RQD and lithology information, is required to confirm the nature of the reflection.  
 
In contrast to the highly reflective area in the centre of the profile, a less reflective area is 
observed to the west (G1, Figure 43). In the near surface, a zone of increased reflectivity 
occurs (TD, Figure 43). Based on the surface geology, this zone is interpreted as being a 






is no borehole information available in this area to confirm the presence of these units in 
the subsurface. However, the occurrence of a reflection at the interface of these two rock 
units is expected based on the values obtained in Table 5. Contacts of the gneiss and 
tonalite-diorite occur further west away from profile SM2 and therefore are not visible in 
the data. It is also possible that the gneiss continues deeper than what is outlined in Figure 
43, however, the interpretation of the data is focused in the upper section of the seismic 
profile.   
 
Borehole information from this area shows that the western extent of the carbonatite-
glimmerite is complex and is composed of an assortment of various rock units, altering 
between carbonatite-glimmerite, fenite and granite-gneiss, with granite-gneiss being most 
abundant (M, Figure 43). This variation in rock units may also account for some of the 
reflections observed in the complex reflectivity package associated with the carbonatite-
glimmerite area. As can be seen in Table 5, reflections are likely to occur at interfaces of 
these rock types. There is no sharp boundary observed in the area west of the deposit.   
 
On the eastern side of SM2, the carbonatite-glimmerite deposit an area of high amplitude 
reflections is observed between approximately CMP 360 and CMP 420 (Fe, Figure 43). 
This area dips towards the SE and extends to a depth of approximately 500 m. It is unclear 
what causes these reflections. Based on the surface geology, the high amplitude 
reflections are interpreted as possibly being an area of fenite which is in contact to the 
eastern side of the deposit. There is no borehole information in this area to confirm this 
contact. This boundary east of the deposit seems to be sharper in comparison to what is 
observed to the west. Physical property information indicates that if the boundary is sharp, 
strong reflections are possible at a boundary of cabonatite-glimmerite and fenite, as can 
be seen in Table 5.  
 
Lower-reflectivity is observed to the east of stack (G2, Figure 43). This area of is 
interpreted as being gneiss, based on the borehole lithology and surface geology. A 
possible dipping feature is seen to cut through this section, dipping in roughly a western 
direction (F2, Figure 43). This feature seems to break through the surrounding reflectors. 






However, there is no evidence of this observed on the surface. It is also possible that the 
feature is a diabase dike.  
A dipping feature is observed cutting through the carbonatite-glimmerite and ‘mixed’ 
zone (F1, Figure 43). It is not clear as to what this feature is, possibly a fault or shear zone 
or a diabase dike.  
 
 
Figure 43. (Upper) Migrated stack from survey line SM2. Kirchhoff’s migration algorithm was used for 
migration. To improve the display, post-stack processing tools such as f-x deconvolution, additional filtering, 
balancing and AGC have been applied. Interpretation labels; DD: Possible Diabase Dike, CG: Carbonatite-
Glimmerite, F: Fenite, G: Gneiss, TD: Tonalite-Diorite F: Possible Fault or Fracture zone and M: area where 






above the stack was extracted from the known surface geology (Figure 18). (Lower) SM2 with the available 
borehole information.  
 
 
6.1.2 Seismic line SM3   
 
Seismic profile SM3 is less reflective in comparison to profile SM2 (section 6.1.1). The 
most intense reflections appear at a depth of 2.5 km to 3.5 km (Figure 31). Reflection 
events are mainly confined to the SW section of the profile and the occurrence of events 
decreases towards the NE. This result was anticipated for seismic line SM3 as the contact 
to the carbonatite-glimmerite complex curves away from the line towards the west when 
moving northwards. Data quality of the profile is also lower in comparison to that of 
profile SM2. One possible explanation for this is that the profile was located next to the 
road, which may have affected the signal-to-noise ratio. The change in the seismic source 
along the survey line may have also impacted the signal-to-noise ratio of the profile 
(Figure 13).  
 
On the profile, a highly reflective area composed of multiple sub-horizontal reflections 
occurs in the SW section (CG, Figure 44). This end of the profile perpendicularly crosses 
the middle of profile SM2 (Figure 18), where a similar reflective package is also 
observed. These reflective areas correlate well with one and other and are interpreted as 
a part of the carbonatite-glimmerite unit based on the borehole information (section 
6.1.1). As was discussed previously, the sub-horizontal reflections associated with the 
carbonatite-glimmerite, are interpreted as being caused by a diabase dike network within 
the complex. As was the case for SM2, boreholes show the occurrence of fenite and gneiss 
within the carbonatite-glimmerite which may also account for some of the reflectors. The 
reflective package associated with carbonatite-glimmerite is observed between 
approximately CMP 100 and 500, due to the curving of the deposit. Surface geology 
between CMP 100 and 300 alternates between fenite and diabase. However, borehole 
information reveals that fenite and diabase occur only in the near surface and the 
carbonatite-glimmerite deposit is present at deeper depths below these units (Figure 44). 
The fenite and diabase at the surface are not observed in the reflection seismic data due 
to the scale.  






surface geology, is interpreted as being due to the presence of fenite.  
A clear dipping reflector is observed at approximately CMP 420 (R1, Figure 44). It is 
unclear if this reflection is caused by the presence of a diabase dike or a fracture zone.   
 
Figure 44. (Upper) Migrated stack from survey line SM3. Kirchhoff’s migration algorithm was used for 
migration. To improve the display, post-stack processing tools such as f-x deconvolution, additional 
filtering, balancing and automatic-gain control have been applied. CG: Carbonatite-Glimmerite, R1: 
dipping reflector. The geology bar displayed above the stack was extracted from the known surface 
geology (Figure 18). (Lower) Profile SM3 and SM2 with borehole lithology information and previous 3D 






6.2 GPR Data 
 
As was discussed in section 4.1.2, reflection events can occur when an EM wave 
encounters a boundary of contrasting dielectric properties, such as variations in the water 
content, density and/or lithology. The degree of contrast in the dielectric properties across 
the boundary dictates if a reflected wave will be produced. Typical relative dielectric 
permittivity values associated with the rock units in the survey area are presented in Table 
6.  
Table 6. Estimated relative dielectric permittivity values for the rock types found in the Siilinjärvi mine area. 
Values were obtained from Maijala, (1991) and Schön (2011a). The relative dielectric permittivity for the 
carbonatite-glimmerite found in the Siilinjärvi mine area was estimated based on the mineral compositions 
from O’Brian et al. (2015) (Mica: 5%, Amphibole: 8%, Calcite: 6.35%, Dolomite: 7.46 %, apatite 11.7%). The 








GPR data acquired along survey line SM2, crosses several changes in lithology. 
Reflection coefficients of possible geological contacts were calculated with equation 4.5 
using the estimated values of relative dielectric permittivities (Table 6), to determine if 
reflections should theoretically occur at the various interfaces.  
 
 
Rock type Relative Dielectric Permittivity (𝜺𝒓) 
Carbonatite-glimmerite (Ore) 5.8-6.8 
Diabase 9 - 13 
Diorite 5.9 -11.5 
Fenite - 
Granite 4.5 - 9 








Table 7. Calculated reflection coefficient values for different lithological boundaries. Values were carried with 









Based on the estimated reflection coefficients presented in Table 7, the largest contrasts 
are seen to be between carbonatite-glimmerite and diabase, carbonatite-glimmerite and 
gneiss, diabase and granite and diabase and diorite. Therefore, a reflection is likely to 
occur at these interfaces. Fenite is not represented in Table 7, however similar values to 
granite can be assumed due to granite being the protolith rock. Based on Table 7, there 
would be a contrast in properties at a contact of fenite and carbonatite-glimmerite or fenite 
and diabase and therefore, a reflection may occur.  
As can be seen in Table 7, for each rock unit there is a range of possible values. Additional 
factors such as fracturing or water content can further impact the dielectric properties and 
the resulting reflection coefficient. Therefore, in instances where the dielectric properties 
across the boundary are too similar, a reflection event will not occur.  
6.2.1 GPR along SM2 
 
The GPR profiles acquired along seismic line SM2 revealed several areas of complex 
reflectivity. The overburden layer seems to fluctuate along the line and was interpreted 
as being approximately 1-2m thick (Figure 45). This correlates with the Quaternary 
Rock type Reflection Coefficient (+1 to -1) 
Diabase- Granite ± 0.12 to 0.17 
Diabase- Diorite ± 0.06 to 0.11 
Diabase- Gneiss ± 0.03 to 0.04 
Ore-Diabase ± 0.11 to 0.14 
Ore-Gneiss ± 0.08 to 0.15 
Ore-Granite ± 0.02 to 0.06 
Ore-Diorite ± 0.00 to 0.13 






deposit thickness map presented by Luoma et al. 2014 (see section 2.2.3), where the 
overburden thickness in the areas beside the gypsum pile is stated to vary between 
approximately 1 to 6m. The Quaternary sediment in the areas around the gypsum pile is 
reported as being predominantly fine-grained sediment, mostly clay. The water content 
in this area is reported as being relatively high, based on the information from the nearby 
wells. The highly conductive media present in this area may have impacted the 
penetration of the GPR signal. However, a good depth of penetration was still achieved. 
The depth of penetration along the line was approximately 20m. The depth is based on a 
velocity of 0.1 mns-1.  
Interpretation of the GPR profiles is based on the surface geology. Lateral variations in 
reflectivity occur across the GPR profiles. Changes in reflectivity seem to coincide with 
changes in the surface geology. Areas of high reflectivity are observed within fenite and 
carbonatite-glimmerite (CG, Figure 45). As discussed in section 6.1.1, the available 
borehole information along survey line SM2 shows complex variations in the geology on 
the western side of the carbonatite-glimmerite deposit. Reflections within the fenite and 
carbonatite-glimmerite possibly result from these variations in geology or the occurrence 
of diabase dikes.  
Reflections are also observed within the gneiss (G1a, G1b and G2, Figure 45). Borehole 
lithology logs show diabase dikes within the gneiss, and these reflections may be caused 
by diabase dikes intruding into the gneiss. In addition, reflections may also occur as a 
result of fracturing and/or weathering of the gneiss. There is a contrast between the highly 
reflective gneiss and a less reflective area of tonalite-diorite (TD, Figure 45). The tonalite-
diorite may be less weathered or fractured in comparison. Two prominent dipping 
reflectors are observed within the area the area of tonalite-diorite (DD1 and DD3, Figure 
45). There is no borehole information for this location however, based on the physical 
property information (Table 7), the features are interpreted as being possible diabase 
dikes.  
As illustrated Figure 45, additional dipping reflectors are observed in the GPR data which 
also interpreted as diabase dikes (e.g. DD3, Figure 45). Two of the features coincide with 







Figure 45. Interpreted GPR lines 207, 208 & 209, acquired along seismic line SM2. Lettering based on interpretation: G: Gneiss, DD: possible Diabase Dike, F: possible fault or 






6.3 Magnetic Data 
 
 
The magnetic method is sensitive to variations in magnetic susceptibility and remanent 
magnetism of the subsurface geology (section 5.1.1). Magnetic susceptibility 
measurements were acquired as part of the physical properties study carried out by 
Malehmir et al. (2017) (section 2.2.1). Higher values of magnetic susceptibilities are 
associated with carbonatites (Figure 7). Magnetite is the most common accessory mineral 
in the carbonatite-glimmerite in Siilinjärvi, which accounts for these elevated values of 
magnetic susceptibility. The effect of remanent magnetization on the total magnetic field 
measurements was not considered for this work as no data was available.  
 
The magnetic profile obtained along survey line SM2 shows that the total magnetic field 
fluctuates along the line. The results were combined with surface geology information to 
determine the magnetic signature associated with each rock type (Figure 46). Overall, the 
magnetic response along the line shows an increase in values towards the carbonatite-
glimmerite deposit. In comparison, the beginning of the profile is relatively stable where 
the surface geology is tonalite-diorite and gneiss, and the end of the profile where gneiss 
occurs. The elevated values associated with the carbonatite-glimmerite deposit, therefore 
makes it easily distinguishable from the surrounding tonalite-diorite and gneiss. 
 
The increase in the magnetic total field measurements associated with the carbonatite-
glimmerite deposit is likely due to the magnetite content of the deposit. Fluctuation within 
the deposit indicates variations in the magnetite content. As can be seen in the results 
(Figure 46), the largest peak in the magnetic profile, with values in the range of 5.3-5.35 
x 104 nT, occurs at approximately 1250m.  
 
At approximately 1490 m along the survey line, elevated values are observed at a contact 
between fenite and gneiss. Other fluctuations along the profile are possibly due to contacts 
in the geology or diabase dikes crosscutting the rock in the subsurface. Possible signatures 
of DD1 and DD4 interpreted in the GPR data (Figure 45) have been indicated in Figure 
46. The general trend across the profile is an overall increase in the magnetic response 








As can be seen in Figure 46, a ‘step’ in the measured values occurs after the gap in the 







Figure 46. Plot of corrected magnetic data acquired along survey line SM2. The geology bar has been 









7 DISCUSSION  
 
A previous geological model of the southern continuation of the carbonatite-glimmerite 
deposit was created based on borehole information obtained from earlier exploration 
efforts carried out in the Siilinjärvi mining area. The survey conducted by Smart 
Exploration in Autumn 2018 was designed with the aim of expanding on this previous 
geological model and obtaining further information on the continuation of the deposit 
south of the main pit. As previously mentioned, the continuation of the deposit under the 
gypsum pile was of particular interest for this work as this area cannot be reached with 
drilling. In this chapter, the results obtained from this study will be discussed in further 
detail. Results obtained from all three of the 2D active-source seismic lines acquired by 
Smart Exploration (SM1, SM2 and SM3) will be combined in order to obtain a 3D 
interpretation on the extent of the deposit. A combined interpretation of reflection 
seismics, GPR and magnetic data will also be discussed in this section.  
 
As stated previously, the MSc thesis work completed by Laakso (2019) tested the 
applicability of the reflection seismic, GPR and magnetic methods in the survey area. The 
obtained results were compared with the detailed 3D model of waste-rock dike network 
created by Kauti et al. (manuscript in preparation). The dibase dike model is based on the 
exposed geological features observed in the Särkijärvi pit and was created independently 
of the geophysical data. This provided Laakso (2019) with the opportunity to directly 
correlate geophysical signals with known geological features, in particular the diabase 
dikes. Therefore, the geophysical results presented by Laakso (2019) along survey line 
SM1, acts as an excellent reference for the geophysical results obtained in this work.   
 
7.1 Reflection Seismics and 3D model of the southern extension of the Siilinjärvi 
deposit 
 
The earlier geological model indicates that the carbonatite-glimmerite deposit extends 
south of the main pit, perpendicularly crossing seismic lines SM1 and SM2, extending 






the deposit, however as illustrated in the geological model in Figure 47 when looking 




Figure 47. 3D view of the Smart Exploration active-source seismic data (SM1, SM2 and SM3) overlain with 
the drill hole logs and carbonatite-glimmerite deposit model from the previous geology model (provided by 
Yara) (View angle to the S). The general location of the gypsum pile is illustrated in the figure for a point of 
reference.  
 
As can be seen in Figures 47 and 48, the location of the carbonatite-glimmerite deposit 
in this previous geological model, coincides with areas of complex reflectivity on the 
seismic profiles (features labelled CG in Figures 43 & 44). The complex reflectivity 
associated with carbonatite-glimmerite is observed on both profiles where the two survey 
lines cross perpendicularly. The location at which the profiles cross is situated next to the 
gypsum pile and occurs outside the extent of carbonatite-glimmerite deposit from the 
previous geology model (Figure 18). Boreholes are shallow in this area and do not reach 
deeper reflective areas to confirm the lithology. However, the location of the deposit also 
coincides with a similar reflectivity pattern observed on profile SM1 (Laakso et al. 2019), 






surface geology, borehole data and physical properties (Table 5), the reflective pattern 
related to the carbonatite-glimmerite is interpreted as being due to a network of diabase 
dikes. A connection between the sub-horizontal dike network and near-surface reflections 
within the carbonatite-glimmerite was observed by Laakso (2019), by correlating the 
reflection seismic data with the waste-rock dike model created by Kauti et al. (manuscript 
in preparation).   
 
 
Figure 48. 3D view of the Smart Exploration active-source seismic data which is overlain with borehole 
information and the carbonatite-glimmerite deposit from the previous geological model (provided by Yara). 
(Viewing angles is to the NE).  
 
In addition to the diabase dike network, the presence of tonalite-diorite, gneiss and/or 
fenite within the carbonatite-glimmerite may also account for some of the observed 
reflections, especially on the western side of the deposit along profile SM2, where the 
boreholes show significant variations in geology.  
 
Due to the reflective nature of the carbonatite-glimmerite deposit, the extent of the deposit 
could be picked from all three of the 2D active source seismic profiles (SM1, SM2 and 






model of the carbonatite-glimmerite deposit (Figure 49). The model shows that the 
southern extension of the deposit is wider in comparison to the previous model. The new 
model shows that the deposit extends further towards the NW, under the gypsum pile. It 
is important to note that the new model includes other lithologies, especially the area of 
complex geology on the western margin of the carbonatite-glimmerite deposit (m, Figure 
43). Based on the seismic data, there is not enough information to make reliable 








A surface-wave tomography model of the area south of the main Särkijärvi pit was created 
by Da Col et al. (2019) from the 3D seismic active-source data which was acquired as 
part of the Smart Exploration field campaign. Both lateral and vertical variations in S-
wave velocities were observed in the tomography model. The lateral variations observed 
by Da Col et al. (2019) generally agree with what was observed in the 2D-active source 
Figure 49. (Upper) 3D view of the seismic data with markers representing the extent of the carbonatite-glimmerite 
deposit based on the seismic profiles and borehole information (Lower) 3D view of the seismic data overlain with the 
new 3D model of the carbonatite-glimmerite deposit based on the ‘picks’ (from seismic data and borehole data) 






seismic lines. In Figure 50, a depth section of the 3D volume at 90 m depth is overlain 
with the seismic profiles (SM1, SM2 and SM3) and the previous geological model. 
Lateral variations can be clearly observed in this depth slice. As can be seen in Figure 50, 
higher velocities occur on the SE section of slice, coinciding with the location of the host 
rock, granite-gneiss (G2, Figure 50). This is similar to what is observed in seismic profile 
SM2 (G2, Figure 43) and GPR data (G2, Figure 45). In contrast, lower values are 
observed in the location of the carbonatite-glimmerite deposit (CG1, Figure 50). This area 
coincides with the area of complex reflectivity observed on seismic profile SM2 (CG1, 
Figure 43). The decrease in velocities toward the centre of the complex may be due to 
carbonatite-glimmerite being more susceptible to weathering and fracturing in 
comparison to granite and gneiss and thus resulting in a lowering of velocities. Areas of 
higher velocities are observed within the carbonatite-glimmerite area. Some of these areas 
coincide with the locations of known diabase dikes (Da Col et al. 2019). One area of 
higher velocity observed within the carbonatite-glimmerite is seen to correlate with a 
reflection in seismic reflection profile SM2 (DD, Figure 50). This is possibly a diabase 
dike. Further research is required to determine if the other areas of increased velocities 









Figure 50. A plot of a horizontal section (90 m depth) of the 3D volume result of the tomography model 
obtained from the 3D seismic data by Da Col et al. (2019), displayed with the three active-source seismic 
profiles (SM1, SM2 and SM3) and the 3D carbonatite-glimmerite deposit from the previous geological model 
(provided by Yara). Observed features are labelled, CG1: Carbonatite-Glimmerite, G2: Granite on eastern 
side of deposit and DD: Possible diabase dike. (Viewing angles is to the N). 
 
7.2 GPR and Magnetic Data 
 
In this study, the seismic data was crucial for imaging the extent of the carbonatite-
glimmerite. The additional geophysical measurements (GPR and magnetic) acquired 
along profile SM2, were also found to be beneficial for supporting and expanding on the 
interpretation.   
 
GPR data acquired along profile SM2 proved to be valuable as it allowed for the 
interpretation to be brought to the surface. A connection was made in certain places 
between the reflections observed in GPR data with dipping reflectors in the seismic data. 






dipping feature based on their locations and orientation. The feature is possibly a diabase 
dike, based on the reflective behaviour.  
 
A clear link can also be made between a dipping feature observed on GPR line 208 (DD3, 
Figure 45) and a dipping reflection observed in the near surface of seismic profile SM2 
(DD3, Figure 43), even though there is a significant difference in the scale of the two 
datasets (Figure 51). This feature is interpreted as being a diabase dike based the physical 
property information. However, there is no borehole information in this area to confirm 
this interpretation.  
 
 
Figure 51. GPR results overlain on the seismic profiles. Dipping reflection (DD3) observed in both GPR 
profile 208 and seismic profile SM2.    
 
The magnetic line (Figure 46), shows that carbonatite-glimmerite deposit is easily 
distinguishable from the lower values associated with the surrounding tonalite-diorite and 
gneiss, due it’s magnetite content. The magnetic values increase towards the carbonatite-
glimmerite deposit, as is observed in the aeromagnetic map (Figures 8 and 38). As can be 











SM1 and in the area south of the Särkijärvi pit (Laakso, 2019). Magnetic measurements 
are therefore proven to be a good indicator for determining the boundaries of the 
carbonatite-glimmerite deposit.  
 
 
Figure 52. Magnetic lines along survey lines SM1 and SM2 and from the southern part of the main pit 
displayed with the 3 2D-active source seismic profiles. The carbonatite-glimmerite deposit from the previous 
















8 CONCLUSIONS  
 
A new 3D model, illustrating the depth and lateral extent of the Siilinjärvi carbonatite-
glimmerite deposit, was created based on the results obtained from the active-source 
reflection seismic data and borehole information. The new model shows that the southern 
end of the deposit is wider in comparison to what was previously depicted and it extends 
further towards the NW. The carbonatite-glimmerite deposit is distinguishable from the 
surrounding rocks due to the complex reflectivity pattern associated with the intruding 
diabase dike network. A contact was observed to the east of the deposit, between the 
carbonatite-glimmerite and fenite. The geology in the western side of the deposit was 
more chaotic, with alternating lithologies. This area was included in the new 3D model 
as it could not be separated based on the seismic signal. Several possible diabase dikes 
were detected in the reflection seismic and GPR data. Elevated magnetic total field values 
were associated with the carbonatite-glimmerite deposit. Information obtained from this 
study will be helpful to guide future drilling in the area.  
Recommendations for future work include a GPR survey along the location of seismic 
line SM3. GPR data acquired along SM2 proved to be valuable in providing information 
in the near surface. Data quality along SM3 was inferior to that of SM2 and therefore, a 
GPR survey could provide further information on the subsurface. GPR data could also be 
utilised to improve on the statics models created during seismic processing. This was not 
executed as part of this work due to time constraints. Further physical property studies, 
which include dielectric property measurements, would also be beneficial for future 
studies. 
Borehole information is limited in the areas along seismic line SM2. Deeper boreholes 
would be valuable for confirming the origin of the deeper reflections observed in the 
seismic profile.   
The processing flow, which was used in this study for the seismic data, could be used as 
a good reference for future work. New methods and more innovative approaches to data 
processing could be developed and tested on this data. In particular, further work could 
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